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cr°fis  'ov  velocity.  It  was  found  that  the  most  important  parameter  in 
determining.  sensitivity  of  burn  rate  to  crossflow  is  the  no-crossflow 
O.ise)  burning  rate  versus  pressure  behavior  of  the  formulation.  An  analytical 
model  of  the  erosive  burning  of  AP-composite  formulations  was  developed  and 
tound  to  yield  good  a  prior)*  predictions  of  burn  rate  as  a  function  of  pressure 
and  crossflow  velocity,  given  only  composition  and  ingredient  particle  sizes. 
This  model  was  also  found  to  predict  an  observed  decrease  in  crossflow  sensitive 
with  increasing  grain  port  diameter.  In  addition,  an  analytical  model  of 
erosive  burning  of  double-bAse  propejjC^int s  was  developed  and  found  to  give 
good  agreement  with  literature  data.  \ln  the  case  of  double— base  propellants 
both  this  mechanism  and  tilting  over  a  columnar  diffusion  flames  appear  to 
contribute.  At  I’SU ,  erosive  burning  behavior  of  four  AP-composite  propellants 
experimentally  studied  and  erosive  burning  rate  correlations  relating  r/rQ 
to  velocity  and  pressure  were  developed.  K- €.  turbulence  closure,  along  with 
Spalding's  eddy-breakup  concept  was  used  in  a  reacting  turbulent  boundary 
layct  analysis  which  was  coupled  with  a  core  region  flow  analysis  into  an 
erosive  burning  model.  Theoretical  resu’ts  agreed  well  with  data  obtained 
at  PSU  and  elsewhere.  Erosive  burning  ..£• attributed  to  increased  turbulence 
activity  near  the  propellant  surface  with  increasing  core  axial  velocity. 

At  ARAP,  modeled  differential  equations  for  combustion,  turbulence,  and 
mean-flow  development  within  a  grain  port  were  numerically  solved,  enabling 
prediction  ol  flow  development  and  erosive  burning.  An  improved  scaling 
procedure  for  predicting  erosive  burning  in  large  motors,  involving  prediction 
of  mean-flow  transition  behavior,  was  developed.  An  assessment  of  the  -v*"~ 
contribution  of  AP  to  erosive  burning  of  composite  propellants  indicated 
strong  sensitivity  to  the  type  of  combustion  model  used.  Direct  effects 
of  turbulence  on  homogeneous  propellant  gas-phase  combustion  were  found  to 
have  negligible  Influence  on  erosive  burning. 
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INTRODUCTION  -  RESEARCH  OBJECTIVES 
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Erosive  burning,  the  augmentation  of  solid  propellant  burning  rate  by  the 
flow  of  products  across  a  burning  surface,  has  become  increasingly  important  with 
use  of  lower  port-to-throat  area  ratio  motors  and  nozzleless  motors,  both  of 
which  result  in  high  velocity  crossflows.  The  response  of  various  propellants  to 
such  crossflows  must  be  known  by  the  motor  designer  in  order  for  him  to  perform 
adequate  motor  design.  In  addition,  it  is  important  that  the  propellant 
formulator  understand  the  effect  of  various  formulation  parameters  on  the 
sensitivity  of  a  propellant  to  crossflows  so  that  he  may  tailor  his  propellants 
to  the  desired  characteristics.  For  example,  in  a  nozzleless  rocket  motor,  the 
decrease  in  pressure  from  the  head  end  to  the  aft  end  of  the  grain  tends  to  result 
in  slower  burning  at  the  aft  end  in  the  absence  of  erosive  effects.  Depending 
upon  the  sensitivity  of  the  formulation  to  crossflow,  the  increasing  Mach  number 
along  the  grain  port  may  lead  to  undercompensation,  exact  cancellation,  or 
overcompensation  of  the  pressure  effect.  A  detailed  discussion  of  the  effects  of 
erosive  burning  on  solid  propellant  rocket  interior  ballistics  for  low  port-to- 
throat  area  ratio  motors  and  nozzleless  motors  was  presented  by  this  author  in 
Reference  1.  Under  this  contract,  experimental  and  analytical  studies  of  erosive 
burning  have  been  conducted  at  Atlantic  Research  and  Pennsylvania  State 
University  along  with  additional  modeling  efforts  at  Aeronautical  Research 
Associates  of  Princeton  (ARAP).  A  comprehensive  list  of  research  objectives  for 
this  program  is  presented  below: 


A.  Atlantic  Research  Objectives  (Task  A) 

1.  Develop  a  theoretical  model  of  steady  state  erosive  burning  to  permit 
prediction  of  composite  propellant  burning  rate  as  a  function  of  pressure  and 
crossflow  velocity,  given  only  propellant  composition  and  particle  size  dis¬ 
tribution,  and  extend  this  model  to  handle  cases  involving  multimodal  oxidizer 
(ammonium  perchlorate)  and  metalized  propellants. 

2.  Work  on  development  of  an  improved  theoretical  model  of  the  effects  of 
oscillatory  crossflow  on  composite  propellant  combustion. 
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3.  Conduct  approximately  50  testing  firings  with  approximately  10 
different  composite  propellant  formulations  in  the  erosive  burning  test 
apparatus. 

4.  Formulate  suitable  quantities  of  composite  propellants  of  various 
types  to  perform  the  erosive  burning  test  program  of  Task  A  (3)  in  an 
experimental  apparatus  developed  by  Atlantic  Research  under  AFOSR 
Contract  F44620-76-C-0023. 

5.  Gather  and  correlate  burning  rate  versus  pressure  versus  crossflow 
velocity  data  from  the  tests  of  Task  A  (3). 

6*  Make  continuing  comparisons  between  experimental  data  and  the 
developed  erosive  burning  theoretical  model,  using  these  comparisons  to 
upgrade  the  model  as  needed* 

7*  Incorporate  in  theoretical  modeling  of  erosive  burning  by  flame 
bending  the  effects  of  high  blowing  velocities  and  increased  turbulence, 
characteristic  of  cylindrlcally  performated  motors  as  opposed  to  test 
devices. 

8.  Develop  at  least  a  preliminary  model  for  erosive  burning  of  double¬ 
base  propellants. 

9*  Investigate  the  need  for  modeling  erosive  burning  in  HMX-oxidized 
propellants. 

10.  Perform  special  motor  tests  to  investigate  the  change  in  erosive 
burning  sensivity  caused  by  a  large  change  in  the  ratio  of  blowing 
velocity  to  crossflow  velocity. 

11.  Perform  preliminary  design  for  a  cold-flow  test  apparatus  to  study 
boundary  layer  shapes  and  turbulence  distributions  in  internally 

t  perforated  solid  propellant  grains. 

12.  Proceed  with  final  design,  construction  and  use  of  the  cold  flow 
apparatus  for  the  purpose  shown  in  Item  A  (11)  above;  or  alternatively, 
perform  30  additional  tests  in  the  Atlantic  Research  erosive  burning 
hardware,  using  about  five  selected  HMX  and  double-base  formulations. 


Aeronautical  Research  Associates  of  Princeton  Objectives  (Task  B) 


1.  Improve  the  grain  port  or  test  section  flowfield  modeling  part  of 
the  erosive  burning  model  located  at  Aeronautical  Research  Associates  of 
Princeton,  by  removing  the  inviscid  outer  boundary  layer  assumption,  and 
compare  the  results  with  existing  flow  experimental  data. 


2.  Implement  at  least  one  commonly  used  composite  propellant  combustion 
model,  and  compare  the  results  with  appropriate  data. 


3.  Remove  the  Shvab-Zeldovich.  assumptions  from  the  Aeronautical 
Research  Associates  of  Princeton  erosive  burning  model  and  ascertain  the 
limits  of  insensitivity  to  driver  propellant  temperature. 

4.  Develop  a  computer  code  with  the  ability  to  perform  a  quasitime 
dependent  analysis  of  the  burning  of  cylindrical  and  two-dimensional 
grains,  depending  upon  the  model's  satisfactory  performance  under  task  B 
(1)  and  (2). 

5.  Parameterize  the  velocity  profile  results  fora  the  SPEC  model  tn 
graphical  or  algebraic  form. 

6.  Formulate  the  system  of  equations  necessary  to  model  particulate 
behavior  and  turbulence  interaction  within  the  grain  port. 

7.  Incorporate  the  modeled  particulate  fow  equations  of  subparagraph 
(6)  into  the  SPEC  code  and  demonstrate  their  solution. 

8.  Assess  the  effects  of  tubular  motor  length  to  diameter  ratio  and 
turbulence  on  particulate  number-density  profiles  within  the  grain  port. 

9.  Include  an  Imposed  acoustic  field  in  the  SPEC  model  and  assess  the 
effects  of  frequency  and  velocity  on  propellant  burning. 

C.  Pennsylvania  State  University  Objectives  (Task  C) 

1.  Perform  checkout  tests  of  the  erosive  burning  model  computer  program 
located  at  Pennsylvania  State  University.-  -  • 

2...  ..Perform  a  set  of  "computer  experiments"  to  determine  the  best  set  of 
coefficients  for  turbulence  correlations  in  the  Pennsylvania  State 
erosive,  burning  .model.  ... 

.  -  -  *  -  - 

3.-  Perform  a  set  of  parametric  calculations  with  the  resulting  final, 
erosive  burning  model  to  study  the  effects  of  conditions  such  as  gas 
velocity,  flame  temperature,  chamber  pressure,  pressure  gradient,  and 
oxidizer  particle  sire  on  erosive  burning.  -:r:  . 


A.  -  Investigate  possible  Improvements  in  the  turbalence  closure 
procedures  involved  iu  the  Pennsylvania  State  erosive  burning  model. 


5.  Use  the  resulting  computer  program  to  generate  an  erosive  burning 
formula  of  use  to  propellant  grain  designers. 


6.  Perform  a  series  of  erosive  burning  experiments  in  a  test  apparatus, 
located  at  Pennsylvania  .State  University..  -Parameters  to  be  -varied  in 
this  .study  include  free-stream  . velocity,.,  pressure,  pressure  gradient, 
oxidizer  particle  size,  and  propallant  types. 
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7.  Further  Improve  the  Pennsylvania  State  erosive  burning  model  by 
improving  the  way  reaction  rate  is  included,  and  by  taking  account  of 
high  Mach  number  flow  and  surface  roughness* 

8.  Extend  the  erosive  burning  model  from  flat-plate  geometry  to 
axisyometric  flow. 

9.  Validate  the  2-D  model  of  erosive  burning  by  experimental  firings 
and  measurements. 

10.  Incorporate  the  erosive  burning  model  into  an  existing  rocket 
performance  prediction  code  and  test  the  resulting  coupled  erosive 
burning  rocket  performance  code. 


OVERALL  SUMMARY 

General  approaches  taken  at  the  three  different  facilities  are 
summarized  in  Figure  1.  Two  test  devices,  employing  markedly  different 
flow  geometries  as  regards  boundary  layer  development,  were  used  to 
collect  data  at  ARC  and  PSD.  Composite  propellant  models  were  developed 
at  ARC  and  PSU,  while  homogeneous  propellant  models  were  developed  at 
ARAP  and  ARC.  A  major  contrast  between  the  modeling  approaches  lay  in 
the  emphasis  at  ARC  on  flame  structure  details,  with  a  relatively  simple 
mixing-length  turbulence  description,  while  more  comprehensive  turbulence 
models  but  simplified  flame  structure  models  were  used  at  ARAP  and  PSU. 

Results  are  summarized  in  Fig.  2.  At  ARA?,  modeled  differential  equat- 
ons  for  combustion,  turbulence,  and  mean-flow  development  within  a  grain 
port  were  numerically  solved,  enabling  prediction  of  flow  development  and 
erosive  burning.  An  improved  scaling  procedure  for  predicting  erosive  burn- 
ng  in  large  motors,  involving  prediction  of  mean-flow  transition  behavior, 
was  developed.  tja.  assessment  of  the  contribution  of  AP  to  erosive  burning 
of  composite  propellants  indicated  strong  sensitivity  to  the  type  of  com¬ 
bustion  model  used.  Direct  effects  of  turbulence  on  homogeneous  propellant 
gas-phase  combustion  were  found  to  have  negligible  influence  on  erosiv* 
burning. 

At  PSU,  erosive  burning  behavior  of  four  AP-composite  propellants  was 
experimentally  studied  and  erosive  burning  rate  correlations  relating  r/r 
to  velocity  and  pressure  were  developed.  K-e  turbulence  closure,  along  ° 
with  Spalding's  eddy-breakup  concept  was  used  in  a  reacting  turbulent  bound- 
ary  layer  analysis  which  was  coupled  with  a  core  region  flow  analysis  into 
an  erosive  burning  model.  Theoretical  results  agreed  well  with  dkta  obtained 
at  PSU  and  elsewhere.  Erosive  burning  is  attributed  to  increased  turbulence 
activity  near  the  propellant  surface  with  increasing  coie  axial  velocity. 

At  ARC,  models  of  erosive  burning  of  AP  composite  propellants  and  homo¬ 
geneous  double-base  propellants  were  developed  and  found  to  agree  well  with 
data.  Both  models  permit  prediction  of  no-cross-flow  burn  rate  as  well  as 
erosive  effects  for  uncatalyzed  propellants.  Postulated  mechanisms  are  listed 
in  Fig.  1.  Both  models  predict  a  decrease  in  erosive  burning  effects  with 
increasing  port  diameter,  in  agreement  with  observation.  Erosive  burning 
characteristics  of  approximately  15  composite  formulations  with  systematically 
varied  compositions  and  ingredient  particle  sizes  have  been  measured  over  a 
wide  range  of  pressure  and  crossflow  velocity.  It  appears  that  the  most  im¬ 
portant  parameter  in  determining  sensitivity  of  burn  rate  to  crossflow  is  the 
no-crossflow  (base)  burning  rate  versus  pressure  behavior  of  the  formulation. 
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A  brief  summary  of  the  work  accomplished  at  Atlantic  Research  along 
with  a  list  of  publications  and  a  description  of  interactions  with  other 
activities  is  presented  below.  Similar  presentations  of  the  Penn  State  and  ARAP 
efforts  are  presented  in  Appendices  A  and  B.  Finally,  copies  of  several  of  the 
more  important  publications  generated  during  this  program,  providing  the 
interested  reader  with  a  fairly  comprehensive  picture  of  the  various  exper¬ 
imental  and  modeling  efforts,  are  included  as  Appendices  C  -  F. 

SUMMARY  OF  WORK  ACCOMPLISHED 
AT  ATLANTIC  RESEARCH 

The  major  emphases  of  the  work  carried  out  at  Atlantic  Research 
involved  development  of  a  comprehensive  composite  propellant  burning  rate  model 
capable  of  yielding  accurate  predictions  of  burn  rates  of  such  propellants  as  a 
function  of  pressure  and  crossflow  velocity,  given  only  propellant  composition 
and  ingredient  particle  sizes,  and  creation  of  a  systematic  data  base  regarding 
the  effects  of  crossflow  on  burning  rate  as  a  function  of  formulation  parameters. 
A  fairly  comprehensive  summary  of  these  efforts  appears  in  Appendix  C,  a  copy  of 
a  paper  presented  by  the  first  author  at  the  17th  JANNAF  Combustion  Meeting^). 
During  the  program,  erosive  burning  characteristics  of  approximately  15  AP- 
composit*  formulations  with  systematically  varied  compositions  and  ingredient 
particle  sizes  were  measured  over  a  wide  range  of  pressure  and  crossflow 
velocity.  Data  for  all  but  four  of  these  formulations  appear  in  Appendix  C. 
(Data  for  two  polyester  binder  formulations  appear  in  Reference  3,  while  data  for 
two  aluminized  formulations  tested  subsequent  to  preparation  of  Reference  2  have 
not  yet  been  published  elsewhere  and  are  included  herein  as  Figures  3  and  4.)  As 
a  result  of  these  tests,  it  was  concluded  that  the  most  important  parameter  in 
determining  sensitivity  of  burn  rate  to  crossflow  is  the  base  (no-crossflow) 
burning  rate  versus  pressure  behavior  of  the  formulation,  independent  of  what 
formulation  variations  are  used  to  fix  this  behavior.  In  general,  the  AP- 
composite  propellant  burning  rate  model  developed  during  this  program  was  found 
to  give  excellent  predictions  of  the  no-crossflow  burn  rate  versus  pressure 
behavior  of  the  propellants  tested  and  good-to-excellent  prediction  of  the 
erosive  burning  characteristics.  In  addition  (and  very  importantly)  the  model 
predicts  a  decrease  in  sensitivity  of  burn  rate  to  cross  flow  with  increasing 
port  diameter,  in  agreement  with  the  observations  of  motor  developers.  The 
modeling  effort  described  in  Appendix  C  (and  earlier  references)  was  limited  to 
two-dimensional  channels:  during  the  last  year  of  the  program,  the  model  was 
straightfowardly  modified  to  treat  axisymmetric  port  geometries  as  well.  In 
addition,  the  capability  of  treating  the  effects  of  zirconium  as  an  ingredient 
(though  only  on  a  heat-sink  basis)  was  added. 

During  the  final  year  of  the  contract,  an  additional  model,  for 
prediction  of  the  effects  of  pressure,  crossflow  velocity,  and  heat  of  explosion 
on  the  burning  rates  of  NC/NG  double-base  propellants  was  developed  and  tested 
against  existing  data.  This  effort  is  described  in  Appendix  D,  a  copy  of  a  paper 
to  be  presented  at  the  AIAA/SAE/ASME  17th  Joint  Propulsion  Conference  in  July, 
1981.  In  this  study,  a  flame-sheet  model  of  double-base  propellant  burning  rate 
as  a  function  of  pressure  and  heat  of  explosion  was  first  developed  and  found  to 
give  excellent  agreement  with  data  except  at  extremely  low  pressures.  Two  models 
of  the  effects  of  crossflow  were  then  developed  as  extensions  of  this  base  model. 
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Figure  3.  Burning  Rate  Predictions  (Solid  Lines)  and  Data 

(Points)  for  Formulation  9316  (80/5/1 5  AP/AI/HTPB, 
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In  the  first,  the  fizz  zone  was  assumed  to  be  sufficiently  structured 
to  prevent  turbulence  penetration,  the  only  burn  rate  augmentation 
mechanism  being  amplification  of  transport  properties  in  the  dark  zone 
(sufficient  to  cause  final  flame  influence)  by  crossflow-induced 
turbulence.  This  model  seriouslv  underpredicts  crossflow  effects.  In 
the  second  model,  the  fizz  zone  was  treated  as  a  gas  in  terms  of  fluid 
dynamics  with  resultant  amplification  of  transport  properties  in  both 
the  fizz  and  dark  zones.  This  approach  gave  reasonably  good  agreement 
between  predicted  and  measured  burning  rates  over  a  wide  range  of  cross- 
flow  conditions. 
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PROFESSIONAL  PERSONNEL  ASSOCIATED  WITH 
ATLANTIC  RESEARCH  EFFORT  UNDER  CONTRACT  F4962Q-78-C-0016 

1.  Dr.  Merrill  K.  King  -  Principal  Investigator,  Analytical  Modeling, 
Test  Selection,  Data  Analysis 

2.  Mr.  Stephen  Kunkel  -  Test  Direction 

3.  Mr.  Phillip  Graham  -  Propellant  Formulation 

4.  Mr.  Merlin  Larimer  -  Propellant  Formulation 

5.  Mr.  Robert  Wallace  -  Testing 


INTERACTIONS  (COUPLING  ACTIVITIES)  INVOLVING 
ATLANTIC  RESEARCH  PERSONNEL* 


1.  Or*  King  participated  in  the  Velocity-Coupled  Combustion  Instability 
Workshop  held  at  the  US  Naval  Postgraduate  School  during  the  16th  JANNAF 
Combustion  Meeting,  September,  1979. 

2.  Dr.  Xing  had  several  conversations  with  Dr.  Robert  Hermsen  (CSD)  during 
August-September,  1979,  regarding  both  the  first  and  second  generation 
erosive  burning  models  and  the  Atlantic  Reseasrch  erosive  burning  data 
base  developed  under  this  program,  with  the  object  of  incorporating  this 
information  into  the  Solid  Rocket  Performance  Program  being  developed  by 
CSD  and  Software  Engineering  Associates  for  AFRPL. 

3.  H.  P.  Sauerwein,  A.  Lampert,  and  R.  H.  Schmucker  (Bayern  Chemie,  West 
Germany)  have  incorporated  our  first  generation  erosive  burning  model 
into  an  interior  ballistics  code  to  very  successfully  predict  performance 
of  small  tactical  rockets.  Results  of  this  work  were  presented  at  the 
53rd  AGARD  Propulsion  and  Energetics  Symposium  in  Oslo. 


4.  Atlantic  Research,  with  SEA  as  a  subcontractor,  is  currently  developing 
a  Nozzleless  Motor  Performance  Computer  code  under  contract  to  AFRPL. 

A  major  part  of  this  development  involves  incorporation  of  Dr.  King's 
second  generation  erosive  burning  model  into  the  code  for  prediction  of 
burning  rate  as  a  function  of  pressure,  crossflow  velocity,  grain  port 
diameter,  and  axial  location  along  the  port. 


*  See  Appendices  A  and  B  for  similar  information  regarding  the  Penn  State 
and  ARAP  subcontracts. 
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Summary  and  Conclusions 


The  purpose  of  this  study  was  to  investigate  the  frequently  encountered 
phenomenon  of  erosive  burning  of  composite  solid  propellants  in  rocket  motors. 
Both  theoretical  and  experimental  investigations  were  conducted  to  acquire  a 
deeper  understanding  of  the  basic  mechanism  of  erosive  burning.  In  the 
experimental  work,  two-dimensional  propellant  slabs  were  used  in  a  windowed 
test  chamber  with  hot  combustion  product  gases  flowing  over  the  sample  at 
various  velocities  (subsonic  and  supersonic)  and  chamber  pressures  for  four 
different  AP-based  composite  propellants.  The  instantaneous  regression  rate 
of  the  propellant  was  recorded  by  a  high  speed  movie  camera  and  deduced 
through  a  motion  analyzer.  Erosive  burning  rate  correlations  were  developed 
which  relate  the  burning-rate  augmentation  factor  to  velocity  and  pressure. 

In  the  theoretical  work,  the  propellant  burning  process  was  described 
by  considering  a  quasi-steady  two-dimensional  (planar  or  axisymmetric) 
chemically  reacting,  turbulent  boundary  layer  over  a  propellant  surface. 

For  the  axisymmetric  case,  the  flow  in  the  core  region  was  solved  with  the 
flow  in  the  viscous  boundary  layer  region.  K-e  turbulence  closure,  along 
with  the  eddy-breakup  concept  of  Spalding  was  used  for  the  reacting  turbulent 
boundary  layer  analysis.  The  theoretical  model,  comprised  of  a  set  of 
partial  differential  equations,  was  solved  numerically. 

Comparison  of  the  theoretical  results  with  the  experimental  data  obtained 
under  the  present  contract  and  that  obtained  from  existing  literature,  showed 
a  close  agreement.  From  the  results  of  this  study,  the  mechanism  of  erosive 
burning  is  believed  to  be  the  increased  turbulence  activity  near  the  re¬ 
gressing  propellant  surface  as  the  cross  flow  velocity  is  increased. 

Both  experimental  and  theoretical  results  show  that  the  erosive  burning 
rate  is  more  pronounced  at  higher  pressures  than  that  at  lower  pressures. 
Erosive  burning  rate  of  a  rocket  motor  is  found  to  decrease  as  the  inner 
diameter  of  the  propellant  grain  increases.  The  erosive  burning  rate  was 
found  to  correlate  well  with  pressure  and  freestream  velocity  for  all  four  of 
the  different  composite  propellents  studied. 

Publications 


The  papers  and  reports,  representing  the  results  obtained  through  the 
sponsorship  of  this  program, which  were  published  or  accepted  for  publication 
and  presentation  are  attached  with  this  report  and  listed  below. 
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Propellants  by  Turbulent  Boundary-Layer  Approach,"  AIAA  Journal,  Vol.  17, 
No.  11,  November  1979,  pp.  1225-1233. 

2.  Razdan, M.  K.  and  Kuo,  K.  K. ,  "Measurements  and  Model  Validation  for 
Composite  Propellants  Burning  Under  Cross  Flow  of  Gases,"  AIAA  Journal, 
Vol.  18,  No.  6,  June  1980,  pp.  669-677. 
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3.  Razdan,  M.  K.  and  Kuo,  K.  K. ,  "Turbulent-Flow  Analysis  and  Measurements 
of  Erosive-Burning  Rates  of  Composite  Solid  Propellants,"  AIAA  Paper  No. 
80-1209,  AIAA/ SAE/ASME  16th  Joint  Propulsion  Conference,  Hartford,  CT, 

June  30-July  2,  1980. 

4.  Razdan,  M.  K.  and  Kuo,  K.  K. ,  "Turbulent  Boundary  Layer  Analysis  and 
Experimental  Investigation  of  Erosive  Burning  Problem  of  Composite  Solid 
Propellants,"  Scientific  Report  to  AFOSR,  March  1980  (192  pages). (not  attached) 

5.  Kuo,  K.  K.  and  Razdan,  M.  K. ,  "Erosive  Burning  of  Solid  Propellants," 
accepted  as  a  chapter  of  the  book  entitled  Fundamentals  of  Solid  Pro¬ 
pellant  Combustion  being  edited  by  K.  K.  Kuo  and  M.  Summerfield  for 
AIAA  Progress  Series,  1980. 

6.  R.  Arora,  F.  X.  White,  and  K.  K.  Kuo,  "Erosive  Burning  of  Composite 
Propellants  Under  High-Velocity  Cross  Flow  Conditions,"  AIAA  Paper 

No.  81-1581,  to  be  presented  in  the  AIAA/SAE/ASME  17th  Joint  Propulsion 
Conference,  Colorado  Springs,  CO,  July  26-29,  1981. 


Linkage  with  Other  DoD  Sponsored  Programs 


The  erosive  burning  chamber  designed  and  fabricated  under  this  contract 
has  been  demonstrated  to  be  useful  in  obtaining  erosive  burning  data.  This 
test  rig  is  being  used  currently  for  measuring  the  erosive  burning  character¬ 
istics  of  a  Navy  propellant  under  a  contract  sponsored  by  Naval  Ordnance 
Station,  Indian  Head,  Maryland. 

This  facility  will  also  be  used  for  future  research  programs  sponsored 
by  DoD  agencies  in  the  area  of  propellant  combustion  and  propulsion. 
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SUMMARY 


A  theoretical  analysis  of  injection-induced  flows  in  porous  ducts 
has  been  presented  with  application  to  the  aerothermochemistry  of  solid 
propellant  motors.  Major  assumptions  and  analytical  restrictions  are 
summarized  in  Table  2.1. 

A  literature  review  of  injection-induced  flows  in  porous  tubes 
Indicates  that  for  large  injection  Reynolds  numbers  the  flow  development 
may  be  characterized  by  three  distinct  regimes.  Within  a  relative  axial 
distance  of  x/R  *  5-10,  as  measured  from  the  closed  (head)  end,  the 
axial  velocity  profile  attains  the  form  predicted  by  laminar  similarity 
theory.  For  relative  axial  distances  of  this  same  order,  the  flow  can 
undergo  a  turbulent  transition  with  turbulence  intensities  greater  than 
10%  of  the  axial  velocity  component  observed.  Within  this  second  regime 
the  mean  axial  velocity  profile  continues  to  correspond  with  laminar 
similarity  theory,  while  the  turbulence  intensity  profile  undergoes 
further  development.  The  pronounced  maximum  in  the  turbulence  intensity 
profile  lies  midway  between  the  centerline  and  inner  surface  of  the  tube 
at  values  of  x/R  <  10.  The  height  above  the  surface  at  which  this 
maximum  occurs  decreases  with  increasing  axial  distance.  Finally,  a 
third  flow  regime  has  been  observed  in  one  experimental  apparatus  (that 
of  Olson,  1964,  and  Huesmann-Eckert ,  1968),  and  is  initiated  by 
transition  of  the  mean  axial  velocity-profile. 
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Table  2.1.  Summary  of  Assumptions 


Preliminary  Gas-Phase  Assumptions 

a)  External  body  forces  and  the  coefficient  of  bulk  viscosity  are 
negligible. 

b)  Effects  of  radiation  on  mass,  momentum,  and  heat  transfer  are 
negligible. 

c)  Species  diffusion  due  to  thermal  and  pressure  gradient  effects  is 
negligible,  and  all  binary  diffusion  coefficients  are  equal. 

d)  The  Lewis  number  is  unity.  ' 

e)  Specific  heats  of  the  chemical  species  are  equal  and  independent 
of  temperature. 

f)  The  flow  is  steady  in  the  mean,  and  the  contribution  of  the  time 
derivative  of  pressure  appearing  in  the  total  enthalpy  equation 
(Eq.  (2.3))  is  negligible. 

g)  The  term  in  brackets  in  the  total  enthalpy  equation  (Eq.  (2.3))  is 
negligible.  This  condition  is  satisfied  if  either 

1)  Combustion  occurs  in  a  low  Mach  number  region  of  the  flow,  or 

2)  The  Prandtl  number  is  nearly  unity,  the  mean  flow  is  of 
boundary  layer  type  (gradients  are  large  in  a  direction 
normal  to  the  principal  flow  direction)  and  the  contributions 
of  turbulent  dissipation  and  velocity  divergence  effects 
appearing  in  the  total  enthalpy  equation  are  negligible. 

h)  Combustion  of  a  homogeneous  reactant  mixture  proceeds  through  a 
single  step,  irreversible,  chemical  reaction. 


Condensed  Phase  Assumptions 

i)  The  condensed  phase  is  homogeneous. 

j)  The  condensed  phase  is  stationary  in  the  reference  coordinate 
system. 

k)  Material  properties  are  constant. 

l)  Species  diffusion  is  negligible. 

m)  Radiation  effects  at  the  interface  and  in  the  condensed  phase  are 
negligible. 

n)  The  interface  velocity  is  small  relative  to  the  characteristic 
flow  velocity. 

o)  Subsurface  chemical  reactions,  if  present,  are  in  equilibrium  with 
the  surface  mass  flux. 

p)  The  surface  reaction  is  rate-limited  and  governed  by  a  zeroth-order, 
irreversible  Arrhenius  kinetic  expression. 

q)  Condensed  phase  processes  are  quasi-steady. 
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r)  Heat  transfer  in  the  condensed  phase  occurs  only  in  the  direction 
normal  to  the  interface  and  is  confined  to  a  boundary  layer  which 
is  thin  compared  with  the  local  interface  radius  of  curvature  and 
the  mear.  fluid  dynamic  length  scales. 


final  Assumptions 

s)  The  gas-phase  species-average  molecular  weight  is  equal  to  the 
molecular  weight  of  the  mixture  at  equilibrium. 

t)  The  effects  of  turbulence  are  modeled  using  a  second-order-closure 
technique  with  the  effects  of  turbulence  on  the  gas-phase  reaction 
rate  correlations  ( combustion- turbulence  interaction)  consistently 
included  in  the  analysis. 

u)  The  flow  is  two-dimensional  in  the  mean  and  is  either  axially 
symmetric  or  symmetric  about  the  centerline  of  a  planar  duct. 
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Theoretical  results  from  the  present  analysis  are  found  to  be  in 
good  agreement  with  laminar  similarity  theory  and  the  mean  axial 
velocity  profile  data  of  Yamada,  et  al.,  and  Dunlap,  et  al.,  (Regime  2). 
Agreement  to  within  several  percent  is  obtained  in  comparison  with  the 
transitional  mean  flow  data  of  Huesmann  and  Eckert  which,  in  view  of  the 
hydrodynamic  sensitivity  of  this  phenomenon,  is  considered  quite 
encouraging.  Agreement  between  the  present  calculations  and  turbulence 
Intensity  data  in  Regime  2  ranges  from  qualitative  (for  the  intensity 
profiles  reported  by  Yamada,  et  al.)  to  quantitative  (within 
approximately  20%  for  the  other  maximum  intensity  data  of  Yamada,  et 
al.,  and  the  profile  data  of  Dunlap,  et  al.).  Detailed  measurements  of 
mean  flow  and  turbulence  structure  in  Regime  3  have  not  been  reported. 
The  character  of  the  flow  within  Regime  3  is  predicted  to  be  similar,  in 
some  respects,  to  wall-bounded  turbulent  shear  flows  with  injection 
(e.g.,  the  behavior  of  friction  coefficient),  with  turbulent 
Pol seui lie- flow  conditions  asymptotically  approached  as  x/R  increases. 

'  The  sensitivity  of  turbulence  development  in  Regime  2  and  the 
attendent  mean- flow  transition  process  have  been  assessed  for  two  types 
of  disturbance,  fne  -first  type  originates  within  the  head-end  region 
(x/R  **1),  as  caused,  for  example,  by  the  vortex  shedding  off  the 
impermeable  head-end  surface  observed  by  Yagodkin.  This  type  is 
simulated  by  specifying  finite  relative  turbulence  intensity 
distributions  as  computational  "initial"  conditions  at  x/R  *  1-10.  The 
second  type  of  disturbance  is  caused  by  high  fluid  injection  rates 
through  a  porous  medium  -  the  "jet  coalescence"  phenomenon 
experimentally  observed  by  Pimento  and  Moffat  and  others.  This  type  of 


pseudo- turbulent  disturbance  has  not  been  theoretically  examined  in 
prior  work  on  porous  tube  flows  or  more  generii  boundary-layers  with 
Injection.  It  Is  modeled  in  the  present  analysis  as  a  finite  value  of 
the  transverse  velocity  autocorrelation  at  the  tube  surface;  the  root 
mean  square  of  this  value  assumed  (in  the  absence  of  detailed 
experimental  data)  to  be  proportionate  to  the  mean  injection  velocity. 

The  results  of  the  sensitivity  studies  may  be  summarized  as 
follows. 

(a)  For  either  type  of  disturbance  and  for  any  of  the  disturbance 
levels  investigated,  the  present  results  for  the  loci  of  axial-flow 
Reynolds  number  at  mean-flow  transition  (Rec>tr)  as  a  function  of 
injection  Reynolds  number  (Res)  follow  the  trend  predicted  by 
planar  linear  stability -theory  for  the  initial  destabilization 
(turbulent  transition)  of  the  flow.  In  particular,  for  large 
values  of  Res  (>  300)  the  present  results  indicate  the  linear 
relation 

Rec,tr  ~  Res 

_  with  the  constant  of  proportionality  generally  dependent  on  the 
magnitude  and  type  of  disturbance.  The  linear  high  Reynolds  number 
relation  for  transition  of  the  mean  velocity  profile  in  nonreactive 
porous-tube  flows  also  implies  that  the  axial  distance  required  for 
transition  is  independent  of  injection  Reynolds  number. 


(b)  The  growth  rate  of  the  maximum  value  of  turbulence  and  the 
downstream  location  of  mean  flow  transition  are  quite  sensitive  to 
the  relative  turbulence  level  specified  at  the  initial  station  when 
this  level  is  small  (less  than  5%  of  the  mean  speed).  In  such 
cases  the  tube  lengths  required  for  mean- flow  transition  can  be 
relatively  large  (x/R  >  50/,  and  the  present  compressible  flow 
calculations  indicate  that  the  flow  can  "choke"  before  mean-flow 
transition  is  attained. 

(c)  The  location  of  transition  becomes  nearly  insensitive  to  relative 
initial  turbulence  levels  when  such  levels  are  large  (greater  than 
approximately  15%).  The  "excess"  turbulence  is  found  to  linearly 
decay  in  the  upstream  portion  of  Regime  2.  Evidence  of  this 
behavior  is  found  in  some  of  the  experimental  data  of  Yamada, 
et  al.  This  result  indicates  that  quasi-equi librium  turbulence 
development  can  occur  in  Regime  2,  and  that  while  the  mechanisms  of 
flow  destabilization  in  Regime  1  and  turbulence  development  in 
Regime  2  may  be  different,  the  processes  exhibit  a  similar 
dependence  on  injection  Reynolds  number. 

(d)  Disturbances  introduced  at  the  porous  tube  surface  are  predicted  to 
be  much  more  effective  in  inducing  mean  flow  transition  than  are 
disturbances  introduced  within  the  upstream  region  of  the  flow. 
For  example,  a  moderate  level  of  disturbance  (3.5%  of  the  mean 
injection  velocity)  is  theoretically  found  to  reduce  the  mean-flow 
transition  length  to  x/R  *  16. 
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(e)  There  is  little  effect  of  the  roughness  of  the  porous  tube  surface 
(typically,  10-10Qum)  on  mean  flow  transition.  The  disturbance 
level  and  length  scale  caused  by  fluid  injection  through  a  porous 
medium  (d)  appears  to  create  a  virtual  roughness  much  larger  than 
the  actual  physical  roughness. 

(f)  There  is  little  quantitative  difference  between  the  porous  tube  and 
channel  results  for  mean  flow  transition,  when  expressed  in  terms 
of  the  axial -flow  and  injection  Reynolds  numbers  defined  herein. 

With  respect  to  application  of  the  present  theory  to  the 
aerothermochemistry  of  the  solid  propellant  motor  (viz.,  the  erosive 
burning  problem),  the  following  conclusions  may  be  drawn. 

(g)  Good  agreement  has  been,  obtained  in  comparisons  of  theoretical 
results  with  axial  pressure  distribution  data  in  a  laboratory  motor 
experiencing  severe  erosive  burning.  The  predicted  behavior  and 

'  magnitude  of  erosive  burning  is  found  comparable  to  that  displayed 
by  the  Lenoir-Robillard  theory.  Both  theories  require  some  form  of 
calibration  or  estimation  of  empirical  constants  or  physical 
parameters.  For  the  Lenoir-Robillard  theory,  the  empirical 
coefficients  were  evaluated  by  Stokes,  et  a!.,  using  a 
least-squares  procedure  to  correlate  the  pressure  distribution 
data.  For  the  present  theory,  the  thermochemical  parameters 
required  to  approximate  the  nonerosive  combustion  of  the  propellant 
are  first  estimated.  Exposing  the  propellant  to  the  theoretically 
predicted  flow  within  the  laboratory  motor  yields  an  erosive 
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burning  response,  the  magnitude  of  which  is  sensitive  (in  part)  to 
the  assumed  value  of  propellant  surface  roughness.  The  values  of 
surface-roughness  height  which  provide  the  best  agreement  with 
experimental  data  are  believed  quite  reasonable. 

(h)  The  essential  features  of  the  flow  within  a  solid  propellant  motor 
are  found  to  be  similar  to  those  predicted  for  nonreactive 
injection-induced  porous  duct  flows.  In  particular,  the  initiation 
of  erosive  burning  (the  threshold  condition)  is  consistently  found 
to  be  preceded  by  transition  of  the  mean  axial  velocity  profile 
within  the  grain  port.  Comparing  the  present  predictions  with  the 
classical  and  conventional  concept,  i.e.,  that  erosive  burning  is 
due  to  enhanced  (turbulent)  thermal  diffusion  within  a  coexistent 
viscous  sublayer/combustion  zone,  it  is  noted  that  no  revolutionary 
mechanism  of  erosive  burning  is  proposed.  Rather,  the  present 
results,  together  with  cold-flow  data,  imply  that  unless  the  mean 
flow  undergoes  transition,  one  does  not  have  a  well-defined 

'  sublayer  to  support  conventional  assumptions  and  approaches  to  the 
erosive  burning  problem. 

(i)  The  transition  and  threshold  phenomena  are  found  to  vary  with  the 
size  and,  more  generally,  the  Reynolds  numbers  of  the  flow.  The 
threshold  scaling  ray  be  expressed  as 

ReC,  threshold  ~  Re£ 


where  x  Is  found  to  be  approximately  1.26  in  calculations  for 


specific,  but  representative  propellant  conditions.  The  mean  flow 
transition  behavior  is  found  to  scale  similarly,  but  with  the 
slightly  lower  value  of  x  *  1.22.  The  predicted  dependence  of  the 
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i  threshold  condition  on  injection  Reynolds  number  is  found  to  be 

|  larger  than  that  exhibited  by  other  theories  examined  (particularly 

]  the  Lenoir-Robillard  theory,  for  which  x  “  1)  and  reflects  the 

physical  processes  considered.  The  present  results  appear  to 
provide  better  agreement  with  scale-up  of  the  threshold  condition 
from  laboratory  and  sub-scale  to  full-scale  motors,  and  hence 
appear  to  reconcile  the  absence  of  erosive  burning  observed  in 
large  (booster- type)  motors. 


It  is  also  noted  that  the  predicted  value  of  x  *  1.0  for  mean  flow 
transition  scaling  in  nonreactive  flows  differs  from  the  x  3  1*22 
value  obtained  for  a  reactive  system.  This  indicates  that  the 
presence  of  a  combustion  zone,  though  quite  close  to  the  surface, 
Is  nevertheless  able  to  interact  with  the  fluid  dynamics  so  as  to 
alter  both  the  magnitude  and  scaling  of  transition.  The  latter 
effect  is  not  believed  to  be  exhibited  by  prior  erosive  burning 
theories. 


(j)  Two  models  which  have  been  proposed  for  the  normal  combustion  of 
ammonium  pechl orate  (AP)  have  been  examined  with  regard  to  their 
predicted  erosive  burning  response  under  similar  flow  conditions. 
Since  both  combustion  models  (due  to  Beckstead,  et  al.,  1971;  and 
Gulrao-Williams,  1971)  are  able  to  correlate  the  normal 
burning-rate  behavior  of  AP,  it  is  difficult  to  establish  the 
validity  of  either  model  on  this  basis.  However,  the  two 
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combustion  models  are  found  to  yield  substantially  different 
predictions  for  erosive  burning,  which  is  principally  due  to  the 
different  estimates  of  reaction  zone  thickness  (flame  height) 
intrinsic  to  the  models.  The  difference  in  erosive  burning 
prodiced  by  the  two  established  combustion  models  illustrates  the 
importance  of  this  aspect  of  the  problem  -  apart  from  the 
description  of  fluid  dynamics,  and  the  need  for  further  research  in 
this  area. 

(k)  The  effects  of  turbulence  on  the  gas-phase  reaction  rate 
(combustion- turbulence  interaction)  have  been  assessed.  The 
analysis  includes  the  contributions  of  both  the  mean  reaction-rate 
and  the  reaction-rate  correlations  appearing  in  the  turbulence 
transport  equations.  In  comparison  with  results  obtained  without 
the  effects  of  CTI,  the  results  obtained  with  CTI  show  negligible 
effect  on  the  propellant  burning  rate  under  erosion  conditions.  In 
particular,  no  evidence  has  been  found  that  CTI  causes  a  reduction 
In  burning  rate  at  lower  axial-velocity  conditions  (“negative 
erosion'1),  as  hypothesized  by  Vilyunov  and  Dvoruashin. 

Despite  the  negligible  effects  on  burning  rate,  CTI  is  found  to 
cause  appreciable  changes  in  the  temperature  autocorrelation, 
turbulent  heat  flux,  and  mean  reaction-rate  profiles.  For  the  two 
sets  of  parametric  conditions  principally  investigated,  regions 
wherein  the  mean  reaction  rate  is  approximately  doubled  or  halved 
by  CTI  are  predicted.  The  competitive  physical  processes  which 
maintain  a  nearly  constant  burning  (deflagration)  rate  under  these 
circumstances  are  obscured  by  the  numerical  solution  procedure,  and 


arouse  considerable  curiosity.  Qualitatively  similar  numerical  results  have 
recently  been  reported  by  Borghi  and  Dutoya  (1979)  for  a  completely  gas-phase 
problems . 

For  further  detail,  the  reader  is  referred  to  A.R.A.P.  Report  No.  449, 
May  1981,  from  which  the  above  summary  was  extracted. 
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INTERACTIONS 


1. )  Mr.  Beddini  presented  results  from  the  combustion-turbulent  interaction 

phase  of  research  at  the  16th  JANNAF  Combustion  Meeting,  Naval  Postgraduate 
School,  Monterrey,  CA,  Sept.  10-14,  1979. 

2. )  While  at  that  meeting,  he  discussed  various  aspects  of  flowfield-inter- 

action  effects  on  velocity  coupling.  The  individuals  princiapally  involved 
in  the  technical  discussion  were  Mr.  Jay  N.  Levine  of  AFRPL  and  Dr.  Ronald 
Derr  of  NWC/China  Lake. 

3. )  Dr.  Robert  Hermsen  (of  United  Technologies /Chemical  Systems  Div.)  and  Mr. 

Beddini  had  several  discussions  during  July  -  September,  1979. 

Dr.  Hermsen  forwarded  a  revised  copy  of  a  graph  showing  the  scaling  of  the 
erosive  burning  threshold  condition  that  was  previously  published  by  Mr. 
Beddini.  Dr.  Hermsen  had  added  new  data  from  several  CSD  motors  and 
indicated  that  this  provided  further  support  for  the  scaling  relation 
developed  under  AFOSR  sponsorship.  Dr.  Hermsen  was  investigating  the 
implementation  of  the  threshold  criterion  in  the  Solid  Rocket  Performance 
Program  being  developed  by  CSD  for  AFRPL. 

4. )  While  at  the  AFOSR/RPL  Reserarch  Meeting  (March  20-22,  1979),  discussions 

were  held  with  Dr.  Dawell  George  of  AFRPL  concerning  the  applicability  of 
the  SPEC  model  to  the  upcoming  RPF  "Nozzleless  Performance  Program."  Mr. 
Beddini  indicated  that  direct  incorporation  of  the  SPEC  model  in  the  NNP 
would  be  somewhat  premature  in  the  time-frame  of  interest  to  AFRPL. 
However,  results  from  the  SPEC  model  could  be  used  as  a  guide  in  the 
selection  of  suitable  erosive  burning  models. 
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Technical  Paper  Summarizing 
Atlantic  Research  Experimental 
and  Analytical  Studies  of  Erosive 
Burning  of  AP-Composite 
Propellants 


(Presented  at  the  17th  JANNAF 
Combustion  Meeting 
September,  1980) 


PREDICTED  AND  MEASURED  EFFECTS  OF  PRESSURE 
AND  CROSSFLOW  VELOCITY  ON  COMPOSITE 
PROPELLANT  BURNING  RATE* 


Merrill  K.  King 
Atlantic  Research  Corporation 
Alexandria,  Virginia  22314 

ABSTRACT 

A  theoretical  model  for  prediction  of  burning  rates  of  composite 
(ammonium  perchlorate  oxidizer)  solid  propellants  as  a  function  of  pressure 
and  crossflow  velocity  has  been  developed.  Included  in  this  model  is  the 
capability  for  treatment  of  multimodal  oxidizer  particle  sizes  and  m-talized 
formulations.  In  addition,  an  experimental  device  for  measuring  the  effects  of 
crossflow  velocity  on  propellant  burning  rate  has  been  developed  and  used  to 
characterize  a  series  of  AP/HTPB  propellants  with  systematically  varied 
formulation  parameters.  Model  predictions  of  zero-crossflow  burning  rate 
versus  pressure  characteristics  have  been  found  to  be  in  excellent  agreement 
with  data,  while  the  agreement  between  erosive  burning  predictions  and  data  is 
in  general  good.  The  experimental  data  indicate  that  the  dominant  factor 
influencing  the  sensitivity  of  composite  propellant  burning  rate  to  crossflow 
is  the  base  (no-crossflow)  burning  rate  versus  pressure  characteristics  of  the 
propellant  (lower  base  burning  rate  leading  to  increased  crossflow  sen¬ 
sitivity)  wj.th  other  factors  having  at  most  a  second  order  effect  outside  their 
influence  on  base  burning  rate.  For  example,  three  formulations  with  widely 
different  compositional  and  ingredient  particle  size  parameters  but  with 
nearly  identical  base  burning  characteristics  exhibited  very  similar  erosive 
burning  characteristics.  Finally,  the  model  has  been  used  to  examine  the 
effects  of  motor  scaling  on  erosive  burning:  erosive  burning  is  predicted  to 
diminish  with  increasing  motor  size,  in  agreement  with  experience. 


INTRODUCTION  AND  BACKGROUND 


Erosive  burning,  the  alteration  of  propellant  burning  rate  by  high 
velocity  product  flow  across  the  burning  surface,  has  become  an  increasingly 
important  phenomenon  with  the  advent  of  very  low  port-to-throat  area  ratio 
cylindrically  perforated  motors  and  nozzleless  motors.  The  motor  designer 
must  be  able  to  predict  this  burning  rate  modification  and  in  particular 
understand  the  effects  of  motor  scaling  and  length/diameter  ratio  on  erosive 
burning  in  order  to  properly  carry  out  his  function.  In  addition,  the 
propellant  chemist  needs  to  understand  the  effects  of  various  formulation 
parameters  on  the  sensitivity  of  a  propellant  to  crossflow  in  order  to  tailor 
propellants  to  desired  ballistic  characteristics. 
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purposes  notwithstanding  any  copyright  notation  hereon. 
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Over  the  past  several  years,  this  investigator  has  been  conducting  an 
experimental  and  analytical  study  of  the  erosive  burning  of  composite 
propellants  with  the  aims  of  determining  how  various  formulation  parameters 
influence  the  sensitivity  of  propellant  burning  rate  to  crossflow,  developing 
an  a  priori  burning  rate  model  (second  generation  model)  which  will  permit 
accurate  prediction  of  composite  propellant  burning  rate  as  a  function  of 
pressure  and  crossflow  velocity  given  only  the  formulation  composition  and 
solid  ingredient  particle  sizes,  and  developing  scaling  laws  to  permit 
extrapolation  of  erosive  burning  data  obtained  in  test  devices  and  small  motors 
to  larger  motor  situations.  Details  of  the  model  development,  with  the 
exception  of  the  treatment  of  effects  of  aluminum  additive  on  burning  rate,  are 
presented  in  References  1  and  2.  During  the  past  year,  the  model  has  been 
slightly  modified  to  more  accurately  treat  the  augmentation  of  transport 
properties  by  crossflow-induced  turbulence,  and  it  has  been  extended  to  treat 
aluminized  formulations  as  well  as  non-metalized  ones. 

Since  there  is  a  dearth  of  systematic  experimental  erosive  burning  data  in 
the  literature,  a  test  device  has  been  developed  and  used  to  characterize  the 
erosive  burning  behavior  of  a  series  of  AP/HTPB  composite  propellants  with 
systematically  varied  formulation  properties.  Zero-crossflow  predictions  and 
data  have  been  generated  for  thirteen  non-catalyzed  AP/HTPB  formulations  (four 
containing  aluminum)  while  crossflow  data  and  predictions  have  been  obtained 
for  ten  of  these  formulations  to  date.  A  brief  description  of  the  model  (with 
emphasis  on  its  extension  to  treat  metalized  propellants),  comparison  of 
theoretical  predictions  with  data,  and  definition  of  major  parameters  af¬ 
fecting  composite  propellant  crossflow  sensitivity  are  presented  in  the 
following  sections. 

MODEL  DESCRIPTION 

The  major  elements  involved  in  development  of  a  complete  a  priori  model 
for  prediction  of  composite  propellant  burning  rate  as  a  function  of  pressure 
and  crossflow  velocity  include  development  of  a  no-crossflow  composite 
propellant  model  (embodying  many  of  the  concepts  of  the  Beckstead-Derr- 
Price^)  model)  for  prediction  of  burning  rate  as  a  function  of  pressure  in  the 
absence  of  crossflow,  followed  by  incorporation  of  modifications  based  on  two 
postulated  mechanisms  for  augmentation  of  heat  feedback  from  flames  in  the  gas 
phase  above  the  propellant  surface  by  crossflow.  (See  Figure  1).  As  discussed 
in  Reference  2,  several  variants  of  a  basic  no-crossflow  model  were  developed 
for  unimodal-oxidizer  non-metalized  propellants,  with  one  variant  finally 
being  selected  for  extension  to  treatment  of  formulations  containing  multi¬ 
modal  oxidizer  and  metal  fuel. 

The  basic  model  centers  around  an  energy  balance  at  the  propellant 
surface.  In  this  balance,  the  product  of  the  propellant  burning  mass  flow  and 
the  heat  required  to  raise  the  ingredients  from  ambient  temperature  to  the 
surface  temperature  (related  to  the  burning  rate  by  an  Arrhenius  function)  plus 
the  heat  required  to  vaporize  that  fraction  of  the  ingredients  which  do  not 
exothermically  react  just  below  the  surface  is  equated  to  the  sum  of  the  heat 
release  rate  from  subsurface  reactions  and  the  rate  of  heat  feedback  from  the 
two  gas  flame  zones  depicted  in  Figure  1.  (For  metalized  formulations,  as 
discussed  later,  an  additional  heat  release  zone  associated  with  burning  of  the 
metal  in  the  gas  above  the  propellant  surface,  not  depicted  in  Figure  1,  is  also 
considered.)  Thus,  the  burning  rate  of  non-metalized  formulations  is 


_  v  ,  „  „.  ,-^w* 

■S’1 

'4?» 

controlled  by  three  principal  heat  release  zones:  (1)  heat  release  in  a  thin 
subsurface  zone  just  adjacent  to  the  propellant  surface;  (2)  heat  release  in 
the  gas  phase  above  the  propellant  from  ammonium  perchlorate  decompositio  • 
products  burning  as  a  nonpropellant;  and  (3)  heat  release  from  a  diffusion 
flame  between  the  AP  decomposition  (and  monopropellant  flame)  products  and 
fuel  vapor  released  by  binder  pyrolysis. 

The  subsurface  heat  release  is  calculated  by  an  iterative  process, 
coupled  with  the  remainder  of  the  model,  in  which  an  estimate  of  the  subsurface 
temperature  profile  is  made  and  substituted  into  an  Arrhenius  rate  expression 
representing  subsurface  heat  release  data  measured  by  Waesche  and  Wenograd^), 
which  is  then  integrated  from  the  surface  to  a  depth  where  the  temperature 
drops  below  the  melting  point  of  AP  to  obtain  the  total  subsurface  heat  release 
per  unit  mass  of  propellant.  This  is  then  multiplied  by  the  burning  mass  flux 
to  yield  a  heat  release  rate.  This  procedure  differs  markedly  from  that  of  the 
BDP  model  in  which  the  amount  of  subsurface  heat  release  per  unit  mass  of 
propellant  is  assumed  to  be  a  constant,  independent  of  such  parameters  as 
burning  rate,  and  is  included  with  the  binder  heat  of  vaporization.  Since  the 
subsurface  temperature  profile  steepens  rapidly  with  increasing  burning  rate, 
while  surface  temperature  increases  with  burning  rate ,  the  procedure  used 
herein  results  in  the  subsurface  heat  release  per  unit  mass  of  propellant 
varying  with  the  burning  rate. 

For  the  gas  phase,  a  two-flame  approach  was  chosen  for  this  model,  the  two 
flames  being  an  AP  monopropellant  flame  and  a  columnar  diffusion  (Burke- 
Schumann(5))  flame.  As  indicated  in  Figure  1,  three  distance  parameters 
(FH9Osin0,  L^p,  and  Lrx)  are  important  in  calculating  heat  feedback  from  these 
gas  flames  to  the  propellant  surface.  FH90  refers  to  the  distance  associated 
with  completion  of  mixing  of  90  percent  of  the  fuel  and  oxidizer  ga3  products, 
while  Lrx  and  1>AP  are  reaction  distances  (products  of  reaction  times  and  gas 
velocity  away  from  the  surface)  associated  with  the  binder  gas-oxidizer  gas 
flame  and  the  monopropellant  AP  gas  flame,  respectively.  As  discussed  below, 
flame  bending  associated  with  crossflow  is  postulated  to  reduce  the  distance 
from  the  surface  to  the  end  of  the  mixing  region,  measured  perpendicular  to  the 
surface,  by  the  factor  sin#  ,  where  Q  is  the  angle  between  the  surface  and  the 
resultant  vector  of  the  transpiration  and  crossflow  velocities. 

Heat  release  from  the  AP  monopropellant  flame  is  assumed  to  occur  at  one 
plane,  resulting  in  a  discontinuity  in  the  temperature  derivative  at  its  point 
of  release,  while  the  columnar  diffusion  flame  is  assumed  to  release  its  heat 
in  a  distributed  fashion  (the  distribution  being  defined  by  a  Burke- 
Schumann^)  analysis)  between  distances  Lrx  and  Lrx  +  FH9Osin0  from  ' 
surface . 

Details  of  the  equation  development  for  the  unimodal  oxidizer,  non- 
metalized  propellant  model  and  the  solution  procedure  are  presented  in 
References  1  and  2.  Included  in  the  model  are  three  "free"  constants  to  be 
chosen  by  optimization  against  data.  These  three  constants  are  pre¬ 
exponentials  associated  with  the  subsurface  heat  release  race  expression  and 
the  two  rate  expressions  used  to  calculate  the  gas-phase  reaction  times.  These 
constants  were  chosen  on  the  basis  of  no-crossflow  burning  rate  versus  pressure 
data  for  four  unimodal  oxidizer  AP/HTPB  (hydroxyterminated  poiybutadiene ) 
formulations  and  then  used  unchanged  for  no-crossflow  and  crossflow  calcu¬ 
lation  for  multimodal  oxid:zer  and  metalized  formulations. 


Extension  of  the  basic  model  to  treat  multimodal  oxidizer  propellants  was 
carried  out  in  a  very  straightforward  manner  using  a  minor  variation  on  Glick's 
"petit  ensemble"  approach^”).  in  click's  approach,  a  propellant  containing 
oxidizer  particles  of  different  sizes  is  broken  into  a  series  of  sub¬ 
propellants,  each  of  which  contains  oxidizer  of  only  one  size.  The  sub¬ 
propellents  are  assumed  to  burn  non-interactive ly,  with  the  unimodal  oxidizer 
model  being  used  to  calculate  a  mass  flux  for  each,  and  straightforward 
averaging  weighted  according  to  fractional  surface  areas  associated  with  each 
subpropellant  then  being  used  to  obtain  an  overall  propellant  average  linear 
regression  rate.  The  only  manner  in  which  oxidizer  of  one  size  is  allowed  to 
affect  the  burning  rate  of  a  subpropellant  containing  oxidizer  of  another  size 
is  through  possible  influence  on  the  assignment  of  fuel  to  that  subpropellant . 
That  is,  rather  than  fuel  having  to  be  assigned  to  each  oxiiizer  size  category 
in  direct  proportion  to  the  amount  of  oxidizer  in  that  category,  the  capability 
of  allowing  uneven  assignment  of  fuel  to  various  oxidizer  size  subpropellants 
is  included  by  means  of  a  power  law: 

Vf,d£  *  C2  (Do)^®0F  (1) 

where  Vf  is  the  volume  of  fuel  assigned  to  a  particle  of  diameter  (D0)£, 
XEXPOF  is  xan  arbitrary  input  power  law  constant,  and  Co  is  a  constant 
determined  by  application  of  overall  continuity.  It  may  easily  be  shown  that 
XEXPOF  *  3  will  result  in  each  subpropellant  having  the  same  oxidizer/fuel 
ratio  as  the  overall  propellant.  XEXP0F<3,  on  the  other  hand,  will  result  in 
subpropellants  with  small  oxidizer  being  more  fuel-rich  than  the  overall 
propellant  and  subpropellants  with  large  oxidizer  being  more  fuel-lean,  with 
the  reverse  occurring  for  XEXP0F>3.  (Based  on  preliminary  calculations,  XEXPOF 
has  been  set  equal  to  3  in  the  calculations  presented  herein.) 

As  mentioned,  one  modification  to  the  Glick  approach  has  been 
introduced.  His  averaging  procedure  involves  an  implicit  assumption  that  the 
average  fractional  surface  area  of  the  total  propellant  which  is  subpropellant 
i  is  equal  to  the  volume  fraction  of  the  propellant  which  is  subpropellant  i. 
However,  careful  examination  of  the  situation  indicates  that  if  there  are 
subpropellants  burning  at  different  rates,  the  slower  burning  ones  will  at  any 
given  time  occupy  a  higher  fraction  of  the  surface  than  indicated  by  their 
volume  fraction:  thus,  it  seems  that  an  averaging  approach  based  on  residence 
time  distributions  is  more  appropriate.  Development  of  this  concept  leads  to 
the  average  burning  rate  for  XEXP0F=3  cases  being  given  by: 

r  *  1/Sxi/rj.  (2) 

rather  than  by  Glick's  formula: 

r  =  Sxiri  (3) 

rf  a  burning  rate  of  subpropellant  i 
xi  =  mass  fraction  of  propellant  in  subpropellant  i 
r  =  average  burning  rate 

The  model  described  in  detail  in  Reference  2  has  recently  been  extended  to 
treat  the  effects  of  aluminum  additive  on  propellant  burning  rate.  The 
metal  is  allowed  to  affect  burning  rate  both  through  heat  sink  effects  (altered 
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heacup  terms  in  the  overall  energy  balance  and  a  depressed  gas  diffusion  flame 
temperature  relative  to  that  which  would  be  achieved  by  the  oxidizer  and  fuel 
in  the  absence  cf  the  metal  heat  sink)  and  via  conductive  and  radiative 
feedback  of  heat  released  by  the  metal  particles  burning  with  the  gas  flame 
products  above  the  propellant  surface.  Among  the  phemonema  treated  in  this 
model  are  aluminum  agglomeration  at  the  surface,  particle  velocity  lag 
relative  to  the  gases  leaving  the  propellant  surface,  particle  ignition  delay, 
particle  combustion,  conductive  feedback  from  incremental  heat  release  zones 
at  various  distances  from  the  propellant  surface,  and  radiative  feedback.  In 
the  case  of  multimodal  oxidizer  propellants,  the  assignment  of  various 
fractions  of  the  aluminum  to  the  various  subpropellants  is  treated  in  the  same 
manner  as  the  assignment  of  fuel  (binder)  to  these  subpropellants.  (As  with 
the  assignment  of  binder  to  subpropellants  containing  different  size  oxidizer 
particles,  in  the  calculations  presented  herein,  the  assignment  of  metal  was 
carried  out  such  that  all  subpropellants  were  of  the  same  composition  as  the 
overall  formulation.) 


Aluminum  particles  are  assumed  to  leave  the  propellant  surface  in  two 
forms,  agglomerated  and  unagglomerated  (virgin),  with  the  agglomerate  fraction 
and  size  being  calculated  using  empirical  formulae  developed  by  Beckstead^ 7 ' . 


dag  =  max  ■•dun. 

(  *  1-0.0005  Dqx,c  dun 


Dqx.c) 

£  ox,cJ 

0.25  |1+30(F/C) 

ll+80(F/C)2J 


(4) 

(5) 


€  =  Fraction  aluminum  not  agglomerated 

Dag  ■  Agglomerate  diameter  (microns) 

Dun  *  Virgin  metal  diameter  (microns) 

Dqx  c  *  Coarse  fraction  oxidizer  diameter  (microns) 

^Al  *  Volume  fraction  Aluminum  in  Propellant 

£qX  q  m  Volume  Fraction  Coarse  Oxidizer  in 
Propellant 

F/C  *  Weight  of  Finest  Oxidizer  Cut/Weight  of 
Coarsest  Oxidizer  Cut 


Based  on  preliminary  calculations,  agglomerates  were  assumed  to  con¬ 
tribute  negligible  conductive  feedback  to  the  proepllant  surface  due  to  long 
ignition  and  combustion  times.  Ignition  delay  times  for  virgin  particles 
subsequent  to  leaving  the  surface  are  calculated  from  a  simple  heatup  formula: 


=  pAl  P“. 


’PFinal-'^s 

"i’Final-^is 


Lmelt 

LFinal-J-m€ 


cign  =  Ignition  delay  time 


PA1 


=  Aluminum  particle  density 
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Agas  *  gas  thermal  conductivity 

Cp,Al  *  Aluminum  specific  heat 

^Final  *  Equilibrium  flame  temperature  subsequent  to  A1 
combustion 

Ts  =  Propellant  Surface  Temperature 

Tign  a  Aluminum  particle  ignition  temperature  (2100°K) 

^•melt  *  Aluminum  melting  temperature 

Lraelt  ”  Aluminum  heat  of  fusion 

After  ignition,  the  particle  diameter-time  history  (and  thus  burning 
rate)  is  calculated  using  a  rearranged  form  of  the  Belyaev  burning  time 
formula: 


Dt+At  3 

jDt1-5  -  (a^O. 9/670)  At]  °-667 

Dt 

*  particle  diameter  (cm)  at  time  t 

°t+At 

=  particle  diameter  at  time  t+At 

At 

»  time  increment  (seconds) 

ak 

=  100  (noQ2  +  nH20  +  n02^-ni 

Thus,  frou  Equations  6  and  7,  the  fractional  consumption  of  aluminum  as  a 
function  of  time  subsequent  to  its  leaving  the  surface  is  calculated.  (Note 
that  implicit  in  Equation  6  is  an  assumption  that  the  aluminum  particle 
temperature  is  equal  to  the  propellant  surface  temperature  when  it  leaves  the 
surface . ) 

For  calculation  of  the  distance  of  the  particle  from  the  surface  versus 
time  (required  for  calculation  of  the  metal  heat  release  distribution)  the  gas 
velocity  component  normal  to  the  surface  is  first  calculated  as  a  function  of 
distance  from  the  surface  using  the  propellant  burning  flux  calculated  in  the 
previous  loop  of  the  overall  trial  and  error  solution  procedure  along  with 
assumption  of  a  linear  temperature  profile  from  the  propellant  surface  to  the 
end  of  the  columnar  diffusion  flame  zone  with  subsequent  constant  temperature. 
Next,  a  force  balance  on  the  particle  (with  a  buoyancy  term  neglected  on  the 
basis  of  preliminary  estimates  for  particle  sizes  of  interest): 

AVp  =  0.75  pg  CD  (Vg-Vp)2  (8) 

#A1  D 

*  change  in  particle  velocity  in  time  increment  At 
=  gas  density 
=  drag  coefficient 


At 

AVp 

Pg 

C0 


gas  velocity  component  normal  to  surface 


Vp  *  particle  velocity  component  normal  to 

surface 

D  *  particle  diameter 

is  integrated  outward  from  the  surface,  utilizing  a  fitted  drag  coefficient 
versus  Reynolds'  Number  expression,  with  this  coefficient  assumed  (based  on 
the  work  of  Marshall  (9))  t0  increase  by  a  factor  of  2.5  for  ignited  particles. 
(Actually,  Equations  7  and  8  have  to  be  integrated  simultaneously  subsequent  to 
particle  ignition  since  they  are  coupled  through  the  changing  particle 
diameter.)  With  coupling  of  Equations  5-8,  the  fraction  of  the  total  aluminum 
in  the  propellant  burned  is  calculated  as  a  function  of  distance  from  the 
propellant  surface.  This  is  then  multiplied  by  the  heat  of  combustion  of 
aluminum  in  the  oxidizer/fuel  products,  calculated  as: 

QAL  3  Cpm  (TFinal-T*)/XA1  (9) 

Qai  3  aluminum  heat  of  combustion  per  unit  mass 

Cpm  3  mixture  specific  heat 

T*  3  equilibrium  flame  temperature  with 

non-reacting  aluminum 

XAi  3  weight  fraction  aluminum  in  the 
propellant 

to  yield  a  distribution  of  heat  release  from  aluminum  combustion  versus 
distance  from  the  propellant  surface.  Conductive  feedback  flux  from  the 
aluminum  combustion  to  the  propellant  surface  is  then  calculated  from: 

qfdbk,Al,c  =  IT  exp(-mcpAxi/Ai)j  (10) 

j  ;«» 

m  =  propellant  burning  mass  flux  (gm/cm2sec) 

qfdbk,Al,c  3  aluminum  feedback  flux  cal/cm2sec) 

Qj  3  aluminum  heat  release  per  unit  mass  of 

propellant  at  jth  node  from  the 
surface  (cal/gm) 

Cp  3  product  heat  capacity 

Ax,-  3  size  of  ith  increment 


3  total  thermal  conductivity  (laminar 
plus  turbulent) associated  with 
ith  increment 


Preliminary  calculations  indicated  that  radiative  feedback  should  in 
general  be  small,  but  a  very  simplified  analysis  for  estimating  this  feedback 
was  included.  In  this  analysis,  an  effective  distance  from  the  surface  is 
input  as  a  free  parameter  and  an  effective  cloud  emmisivity  based  on  the 
fractional  area  subtended  by  particles  in  that  region  is  then  calculated:  for 
motors,  the  distance  is  chosen  to  be  the  port  radius  while  for  strands  it  is 
arbitrarily  set  equal  to  1  to  2  centimeters  (with  the  assumption  that  cooling 
due  to  entrained  nitrogen  from  the  surround’  \gs  makes  particles  further  away 
ineffective).  For  the  metalized  formulations  tested  and  discussed  in  this 
paper,  radiative  transfer  is  predicted  to  have  an  insignificant  effect  on 
predicted  burning  rate. 

It  was  originally  postulated  by  this  author  that  the  augmentation  of 
composite  propellant  burning  rate  due  to  crossflow  resulted  solely  from 
shortening  of  the  distance,  measured  normal  to  the  propellant  surface, 
associated  with  mixing  of  the  fuel  and  oxidizer  gases  through  distortion  of  the 
mixing  cone,  as  depicted  in  Figure  2.  A  detailed  discussion  of  this  mechanism 
is  given  in  Reference  10.  From  tail-flame  theory,  for  no  crossflow,  the  mixing 
distance  is  related  to  the  burning  mass  flux  and  oxidizer  particle  diameter  by: 


With  crossflow  (refer  to  Figure  2)  the  mass  flux  in  the  direction  of  the 
resultant  flow  is : 


m0/sinfl 


where  d  is  the  resultant  flow  angle.  However,  the  characteristic  mixing  time 
is  decreased  since  the  average  mixing  concentration  gradient  is  increased  by 
Che  circular  mixing  cross-section  (in  the  absence  of  crossflow)  being 
converted  to  an  elliptical  cross-section  with  major  axis  d  and  minor  axis 
dpsintf.  An  exact  mixing  calculation  for  this  geometry  is^of  course  quite 
difficult,  but  replacement  of  the  circle  diameter  dp  by  the  geometric  mean 
ellipse  diameter,  Vdp2sin0  in  Equation  11  does  not  seem  unreasonable.  With 
substitution  of  (12)  into  (11),  one  finds: 


(dp2  sintf) 


km?  dp2 


as  in  the  case  of  no  crossflow.  However,  this  FH90  is  now  measured  along  the 
resultant  flow  vector:  accordingly,  the  distance  from  the  surface  to  the  end  of 
the  mixing  zone  is  reduced  to  FH9Osin0. 

Use  of  an  erosive  burning  package  based  solely  on  this  mechanism  in  the 
different  Generation  2  model  variants  led  in  all  cases  to  major  under¬ 
prediction  of  the  effect  of  crossflow  on  burning  rate,  indicating  that  the 
flame-bending  mechanism  was  by  itself  insufficient.  Accordingly,  a  second 
possible  mechanism,  augmentation  of  turbulence  transport  properties  in  the 
region  between  the  propellant  surface  and  the  gas-phase  flames  was  invoked  and 
combined  with  the  flame-bending  mechanism.  In  this  approach,  it  was  assumed 
chat  both  the  effective  thermal  conductivity  (governing  feedback  from  the 
various  gas  flames)  and  the  effective  mass  diffusivity  (an  important  parameter 
in  determining  the  thickness  of  the  diffusion  flame)  were  increased  in 
crossflow  situations  by  crossflow-induced  turbulence.  A  flow  profile  analysis 
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permitting  calculation  of  eddy  viscosity  (and,  by  analogy,  total  effective 
thermal  conductivity  and  diffusivity)  as  a  function  of  distance  from  the 
propellant  surface  for  a  given  crossflow  velocity,  transpiration  velocity 
(determined  by  the  propellant  burning  rate),  and  temperature  field  (depending 
on  the  location  of  gas-phase  heat  release  zones)  was  developed  and  coupled  with 
the  combustion  model  for  erosive  burning  calculations.  An  improved  cal¬ 
culation  of  diffusion  flame-bending  angle  was  also  incorporated  in  this 
analysis . 


Details  of  the  flow  profile  analysis  procedures  are  presented  in 
Reference  2.  (A  summary  of  the  equations  used  and  the  solution  procedure 
employed  are  given  in  Table  I  and  II.)  The  outputs  from  this  analysis  are  used 
to  calculate: 


^effective -^laminar  =  &ef  fective^laminar  =  1 +P(/p  =  F(y) 


(14) 


*. 


That  is,  the  ratio  of  total  transport  properties  to  laminar  transport 
properties  are  calculated  as  a  function  of  distance  from  the  surface.  Average 
total  transport  property  values  between  appropriate  zones  are  then  calculated 
and  substituted  for  the  laminar  values  in  the  diffusional  mixing  equations  and 
the  heat  feedback  equations  in  the  original  model,  revised  burn  rates  and  flame 
distances  are  calculated,  and  the  procedure  is  repeated  until  convergence  is 
achieved.  As  might  be  expected,  this  looping  proc  dure  is  considerably  more 
complex  in  the  case  of  multimodal  propellants  than  for  unimodal  propellants 
since  solution  of  the  individual  subpropellant  cases  becomes  interactive  in 
the  case  of  crossflow.  This  interaction  occurs  because  there  is  only  one 
boundary  layer  for  the  overall  propellant  (that  is,  one  cannot  calculate  a 
different  boundary  layer  profile  for  each  subpropellant)  with  the  boundary 
layer  details  being  controlled  by  the  average  transpiration  velocity,  flame 
height,  surface  temperature,  etc.  for  the  overall  propellant  rather  than  by  the 
individual  values  of  these  parameters  for  each  subpropellant. 

It  should  be  noted  that  the  procedures  used  for  calculating  average 
transport  properties  between  zones  from  the  distribution  of  these  properties 
have  been  modified  from  Chose  procedures  used  in  calculation  of  predicted 
burning  rates  presented  in  References  2  and  11-  In  the  earlier  work,  linear 
averaging  was  employed,  while  the  modified  procedure  allows  for  the  fact  that 
the  effect  of  the  gas-phase  heat  release  on  burning  rate  decreases  exponen¬ 
tially  with  the  distance  of  that  release  from  the  surface.  In  addition,  in 
calculation  of  results  presented  previously,  the  bent  flame  was  approximated 
as  being  straight  with  the  effective  angle  being  determined  by  integration  of 
the  velocity  vector  profile  from  the  surface  to  the  end  of  the  diffusion  flame 
zone  while  the  effects  of  flame  curvature  are  included  in  the  current  model. 

Several  options  for  closure  of  the  boundary  Layer  analysis  through 
specification  of  an  eddy  viscosity  equation  were  built  into  the  model:  all 
entailed  use  of  a  Prandtl  mixing-length  expression  of  the  general  form: 


<  =  .168  (v+yA)2  (DF)2  du/dy 


(15) 


where  DF  is  a  damping  factor  which  is  a  function  of  such  parameters  as  blowing 
ratio,  axial-  pressure  gradient,  and  roughness  height  while  y^  is  an  offset 
factor  dependent  on  roughness  height.  Most  satisfactory  results  were  found 
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wieh  DF  set  equal  to  unity  (no  damping)  and  yd  set  equal  to  zero  (no  roughness 
effect) . 

EXPERIMENTAL 

The  experimental  test  apparatus  (Figure  3)  and  procedures  for  measuring 
burning  rates  with  crossflow  are  described  in  detail  in  Reference  12.  A 
cylindrically  perforated  "driver"  grain  whose  length  is  chosen  co  give  the 
desired  operating  pressure  produces  a  high  velocity  gas  flow  through  a 
transition  section  into  a  rectangular  channel  which  contains  the  test  grain. 
The  test  grain  extends  through  the  transition  section  to  butt  against  the 
driver  grain  to  eliminate  leading  edge  effects.  The  test  grain  is  ap¬ 
proximately  40  cm  long,  1.90  cm  wide,  and  2.50  cm  deep  (web)  and  burns  only  on 
the  1.90  cm  face.  The  flow  channel  is  initially  1.90  x  1.90  cm,  opening  up  to 
1.90  cm  x  4.40  cm  as  the  test  propellant  burns.  For  high  crossflow  velocity 
tests,  the  apparatus  is  operated  without  a  nozzle  while  for  lower  velocity 
tests,  a  two-dimensional  nozzle  is  employed. 

The  burning  rate  is  directly  measured  by  photographing  the  ablating  grain 
with  a  high-speed  motion  picture  camera  through  a  series  of  four  quartz  windows 
located  along  the  length  of  the  test  section.  Frame  by  frame  analysis  of  the 
films  permits  determination  of  instantaneous  burning  rate  as  a  function  of  time 
at  each  of  the  four  window  locations. 

For  nozzled  cases,  the  measured  location  of  the  burning  propellant 
surface  at  each  window  as  a  function  of  time,  together  with  the  known  constant 
throat  area,  permits  straightforward  calculation  of  the  crossflow  velocity  as 
a  function  of  time.  However,  the  very  sensitive  dependence  of  Mach  number  on 
area  ratio  for  M>0.5  makes  calculation  of  crossflow  velocity  from  area  ratio 
measurement  quite  poor  for  nozzleless  cases.  Accordingly,  for  these  tests, 
stagnation  pressure  is  determined  at  the  aft  end  of  the  test  section  and  used 
in  combination  with  the  driver  chamber  pressure  for  calculation  of  the 
stagnation  pressure  in  the  test  section  as  a  function  of  time  and  position. 
Static  presure  wall  taps  at  each  window  location  are  used  for  measurement  of 
static  pressure  as  a  function  of  time  for  both  nozzled  and  nozzleless  cases. 
From  the  static  and  stagnation  pressure  values  determined  as  a  function  of  time 
and  position  down  the  test  section,  crossflow  Mach  Number  and  velocity  are 
calculated  as  a  function  of  time  at  each  window  location  in  the  test  section  for 
the  nozzleless  cases . 

The  erosive  burning  characteristics  of  a  series  of  11  AP/HTPB  formula¬ 
tions  (4  with  unimodal  AP  and  no  catalyst  or  metal,  5  with  multimodal  AP  and  no 
catalyst  or  metal,  1  with  multimodal  AP  and  aluminum  but  no  catalyst,  and  1  with 
unimodal  AP  plus  catalyst)  with  systematically  varied  parameters  have  been 
measured  in  this  device  to  date.  In  addition,  standard  strand -burning 
procedures  have  been  used  to  determine  zero-crossflow  burning  rate  versus 
pressure  characteristics  for  these  11  formulations  plus  3  additional  multi¬ 
modal  AP,  aluminized  (no  catalyst)  formulations.  The  pronsllant  matrix  tested, 
including  the  rationale  for  its  selection,  is  presented  in  Table  III.. 

EXPERIMENTAL  RES’“TS  AND  COMPARISON  WITH  MODEL  PREDICTIONS 

Predicted  and  measured  zero-crossflow  burning  rate  versus  pressure 
character) s’* ics  of  13  of  the  14  formulations  are  presented  in  Figure  4-6. 
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(Predictions  were  not  made  for  the  catalyzed  formulation  since  the  catalyst 
should  cause  shifting  of  one  or  more  of  the  three  aforementioned  kinetic 
constants  and  it  was  felt  that  the  catalyzed  formulation  data  base  was 
insufficient  for  re-evaluation  of  these  constants.)  As  may  be  seen,  agreement 
between  predicted  and  measured  200  psia  burning  rates  is  excellent,  with  all 
predictions,  covering  a  wide  range  of  non-metalized  and  metalized  AP/HTPB 
formulations,  falling  within  10  percent  of  the  measured  values.  Similarly,  the 
1000  psia  burning  rate  predictions  and  data  show  excellnt  agreement,  with  only 
one  point  falling  outside  the  20  percent  error  band  and  one  falling  between 
the  10  and  20  percent  bands,  the  remainder  agreeing  within  10  percent.  As 
indicated  by  Figure  6,  the  1000  psia  predicted  versus  measured  value 
comparisons  cf  burning  rate  pressure  exponent  are  also  quite  good,  all  lying 
within  the  20  percent  error  bands  and  most  within  the  10  percent  bands. 
Accordingly,  it  appears  that  development  of  an  accurate  zero-crossflow  model , 
necessary  as  a  first  step  in  developing  an  adequate  erosive  burning  model,  has 
been  satisfied. 

Erosive  burning  test  results  are  presented  in  Figures  7-17,  in  the  form  of 
burning  rate  versus  pressure  at  various  crossflow  velocities.  In  addition, 
theoretical  predictions  are  presented  for  all  but  the  catalyzed  formulation 
(4869)  in  these  figures.  As  may  be  seen,  the  agreement  between  data  and 
predictions  for  the  no-crossflow  conditions  is  excellent,  as  indicated 
earlier,  for  all  formulations  except  7996,  where  the  theoretically  predicted 
burning  rates  are  10  to  20  percent  high.  In  addition,  the  crossflow  effect 
predictions  agree  reasonably  well  with  the  data  in  general.  With  the  baseline 
formulation  (4525),  the  theory  slightly  underpredicts  the  effect  of  crossflow 
on  burning  rate  while  with  5051,  4685,  and  5542  (the  other  three  non-catalyzed 
unimodal  ozidizer  formulations)  agreement  between  theory  and  data  is  excel¬ 
lent.  The  model  predicts  that  the  high  burning  rate  formulation  (5555)  should 
be  quite  insensitive  to  crossflow  velocity,  in  excellent  agreement  with 
experiment.  Formulation  5565,  on  the  other  hand,  appears  to  be  slightly  less 
sensitive  to  crossflow  than  predicted,  particularly  at  the  lower  pressures  (1- 
3  MPa).  Agreement  between  theory  and  data  for  the  remaining  three  multimodal 
oxidizer,  non-metalized  formulations  is  good,  except  that  the  zero-crossflow 
offset  between  theory  and  data  for  7996  appears  to  be  maintained  for  the 
crossflow  cases.  Finally,  the  rather  limited  data  for  the  metalized 
formulation  (6626)  appear  to  be  in  general  agreement  with  predictions. 

Results  for  the  various  formulations  may  be  compared  to  identify 
parameters  dominating  the  sensitivity  of  burning  rate  to  crossflow.  -Formula¬ 
tions  4525,  5051,  and  4685  were  identical  except  for  oxidizer  particle  size 
(and,  as  a  consequence)  base  (no-crossflow)  burning  rate.  Examination  of 
Figures  7-9  reveals  that  the  crossflow  sensitivity  increases  with  increasing 
particle  size  (decreasing  base  burning  race).  For  example,  at  200  m/sec  and  5 
MPa,  the  augmentation  ratios  for  4685,  4525  and  5051  are  about  1.10,  1.60  and 
2.00  respectively. 

Comparison  of  data  for  4525  a.-d  4869,  differing  only  in  use  of  catalyst  in 
the  latter  (with  consequent  higher  base  burn  rate)  again  shows  an  increase  in 
crossflow  sensitivity  with  decreasing  base  rate.  At  5  MPa  and  200  m/sec,  their 
respective  burn  rate  augmentation  ratios  are  1.60  and  1.10,  while  at  600  m/sec, 
the  r/r0  values  are  2.3  and  1.7.  Thus,  base  burn  rate  is  seen  to  affect  erosion 
sensitivity  even  at  constant  oxidizer  size. 


Formulations  4685  and  4869  have  approximately  the  same  base  burning  rate 
at  8  MPa  although  their  oxidizer  sizes  are  different.  Data  comparison 
indicates  that  these  formulations  have  nearly  the  same  sensitivity  to  low 
crossflow  velocities  at  8  MPa,  with  the  catalyzed  propellant  being  only 
slightly  more  sensitive  at  higher  velocities.  Thus,  it  appears  that  it  the 
base  burning  rate  rather  than  the  oxidizer  particle  size  which  dominates  the 
sensitivity  of  this  series  of  four  73/27  AP/HTPB  formulations  to  crossflow, 
though  oxidizer  size  itself  does  appear  to  have  a  slight  additional  effect, 
crossflow  sensitivity  decreasing  with  decreasing  size  at  constant  base  rate. 

Formulation  5542  differs  from  4525  in  oxidizer/fuel  ratio  and  conse¬ 
quently  flame  temperature.  Since  oxidizer  particle  size  was  held  constant,  the 
higher  0/F  ratio  results  in  higher  base  rate  for  5542.  The  data  (Figure  7  and 
11)  indicate  that  the  crossflow  sensitivity  of  5542  is  considerably  lower 
over  the  entire  range  of  conditions  studied.  Comparison  of  results  for  5565 
and  4525,  which  differ  in  0/F  ratio,  but  have  the  same  base  burning  behavior 
(due  to  compensating  AP  particle  size  differences)  indicates  that  the 
sensitivity  of  these  two  formulations  to  crossflow  is  nearly  identical. 
Accordingly,  it  may  be  concluded  that  0/F  ratio  (and  consequently  flame 
temperature)  changes  do  not  directly  effect  the  erosion  sensitivity  of  these 
forumulations,  but  only  affect  it  through  their  effect  on  base  burning  rate. 

As  indicated  in  Table  III,  Formulation  6626  (metalized)  has  nearly  the 
same  base  burning  characteristics  as  4525  and  5565  and  approximately  the  same 
flame  temperature  as  5565.  The  data  of  Figures  7,  12  and  17  reveal  that  all 
three  formulations  have  quite  similar  erosive  burning  characteristics.  For 
example,  at  760  m/sec  and  2.8  MPa,  the  augmentation  ratios  for  4525,  5565,  and 
6626  are  2.1,  2.25,  and  2.1,  while  at  260  m/sec  and  4.0  MPa,  they  are  1.65,  1.55 
and  1.60.  These  results  support  a  conclusion  that  the  dominant  factor 
affecting  crossflow  sensitivity  of  composite  propellants  is  base  burning  rate, 
largely  independent  of  the  factors  determining  that  base  rate. 

Formulations  5555,  5565,  7993,  7996,  and  8019  are  identical  in  composi¬ 
tion  (82/18  AP/HTPB)  differing  only  in  oxidizer  particle  size  blends,  which 
were  adjusted  to  give  a  range  of  base  (zero-crossflow)  burning  rate  versus 
pressure  characteristics.  In  Figure  18,  data  extracted  from  Figures  12-16  are 
plotted  in  the  form  of  burning  rate  augmentation  factor  (r/rQ)  versus  base 
burning  rate  for  three  combinations  of  pressure  and  crossflow  velocity.  As  may 
be  seen,  the  augmentation  factor  decreases  monotonically  and  fairly  smoothly 
with  increasing  base  burning  rate,  again  indicating  the  importance  of  that 
parameter  on  crossflow  sensitivity. 

A  summary  of  the  above  comparisons,  delineating  the  effects  of  various 
parameters  on  crossflow  sensitivity  of  burning  rate  is  presented  in  Table  IV. 

MOTOR  SCALING  EFFECTS 

It  has  been  observed  in  the  past  that  erosive  burning  effects  tend  to 
diminish  with  increasing  motor  size,  all  other  parameters  being  held  constant. 
It  is  therefore  of  interest  to  ascertain  whether  the  model  described  above  can 
predict  such  a  trend.  Accordingly,  a  series  of  calculations  have  been  run  for 
equal  crossflow  velocities  and  pressures  with  different  motor  diameters. 
Typical  results  are  plotted  in  Figures  19  and  20.  comparison  being  made  between 
motors  with  port  diameters  of  1.0  and  10  inches.  As  may  be  seen,  erosive 


burning  effects  are  indeed  predicted  to  decrease  significantly  with  increasing 
motor  size.  Another  point  of  interest  may  be  made  from  Figure  20.  One  of  the 
weakest  links  in  the  use  of  the  flow  profile  analysis  routine  outlined  earlier 
for  calculation  of  the  flame  bending  angle  and  turbulent  transport  property 
distribution  is  specification  of  the  ratio  of  skin  friction  coefficient  with 
blowing  to  that  without  blowing  as  a  function  of  the  blowing  ratio,  as 
discussed  in  detail  in  Reference  2.  Accordingly,  several  different  empirical 
expressions  have  been  examined  (See  Figure  21).  As  shown  in  Figure  20,  the 
predicted  burning  rate  augmentation  ratio  is  in  general  fairly  insensitive  to 
the  choice  of  expression  among  those  considered  as  reasonable  possibilities. 

CONCLUSIONS 

A  fundamental  composite  propellant  combustion  model  capable  of  predicting 
ourning  rate  as  a  function  of  pressure  and  crossflow  velocity,  given  only 
propellant  composition  and  ingredient  particle  size  has  been  developed. 
Testing  against  zero-crossflow  data  for  a  series  of  13  non-catalyzed  AP/HTPB 
formulations  (4  containing  aluminum  additive)  indicates  that  the  model  does  an 
excellent  job  in  predicting  the  non-erosive  burning  rate  versus  pressure 
characteristics  of  such  formulations.  In  addition,  erosive  burning  data  have 
been  obtained  for  10  of  these  formulations:  the  model  also  does  a  good  job  in 
predicting  the  observed  erosive  burning  behavior  of  these  propellants. 

The  data  obtained  to  date  indicate  that  the  base  (no-crossflow)  burning 
rate  characterist-us  of  the  propellant  have  a  predominant  affect  on  its 
sensitivity  to  crossflow,  high  burning  rate  formulations  being  considerably 
less  susceptible  to  erosive  burning  than  low  burning  rate  formulations, 
whether  the  base  burning  rate  alterations  are  produced  by  oxidizer  particle 
size  variation,  oxidizer/fuel  ratio  variation,  addition  of  metal,  or  use  of 
catalysts.  Thus  propellants  with  widely  differing  oxidizer  size  distribution, 
0/F  ratios,  metal  loadings,  etc  tend  to  show  identical  erosive  burning  behavior 
as  long  as  they  have  identical  base  (no  crossflow)  burning  rate  charac¬ 
teristics.  Oxidizer  particle  size  does  appear  to  have  some  residual  effect 
(but  only  a  slight  one)  beyond  its  effect  on  base  burning  rate,  erosion 
sensitivity  increasing  with  increasing  particle  size.  An  important  pre¬ 
liminary  conclusion  is  chat  aluminum  (at  least  at  low  levels)  does  not  affect 
erosion  sensitivity  other  than  through  its  effect  on  base  burning  rate. 

The  model  also  predicts  a  decrease  in  erosive  effects  with  increasing 
motor  port  size  (at  equal  pressure  and  crossflow  velocity)  in  agreement  with 
observations  by  other  investigators. 
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Table  I.  Main  Equations  used  in  Flow  Profile  Analysis  (Coupled  with  Burning  Rate 
Analysis  Through  Temperature  Dependence  of  Density  and  Viscosity). 

1.  CfQ  •  f1  (Re.  Dj/k) 


2.  Cf/C^Q  -  f2  (B) 


B  -  (minj/merojjfloJ/fCfg#) 


rwall  *  pfj  U^s 


4.  Ty  *  rwlJ|  +  rhjnj  U  -  Kmom  jnt  Y 


5.  ry  *  (u+pe)  dU/dY 

6-  «  *  [f3  {Y.minj.dP/dx.k)]  dU/dY 

FOR  ZERO  ROUGHNESS  AND  NO  DAMPING.  FOR  EXAMPLE 
e  *  .168  Y2  (dU/dY) 


7.  p  *  P(MW)/RT 


8.  ji  *  kT0-8 


9.  T  -  T,  +  (Tf  -  T,)Y/(LRX  +  FH90  Jin  9) 


10.  V  -  minj/p 


Table  il.  Application  of  Flow  Profile  Analysis  Equations. 

1.  USE  EONS  1-4  TO  OBTAIN  r  -  g(u.y) 

2.  ’INTEGRATE  EON  5,  WITH  USE  OF  EONS  4  AND  6-9,  FROM  THE  WALL 
(SURFACE)  TO  OBTAIN  u,  du/dy,  e  AS  FUNCTION  OF  y 

\  KNOWING  e(y).  COMBINE  THIS  WITH  EONS  7-9  TO  OBTAIN  (1  +pe/jx| 

AS  A  FUNCTION  OF  y 

«.  USE  THIS  FUNCTION  TO  OBTAIN  AVERAGE  AUGMENTATION  RATIOS 
FOR  LAMINAR  TRANSPORT  PROPERTIES  OVER  VARIOUS  REGIONS  AND 
USE  THESE  TO  ADJUST  EFFECTIVE  FLAME  OFFSET  DISTANCES 

5.  HAVING  u(y)  AND  v(y)  INTEGRATE  ALONG  A  STREAMLINE  TO  DETERMINE 
THE  EFFECTIVE  REDUCTION  OF  DIFFUSIONAL  DISTANCE  DUE  TO  FLAME 
BENDING. 

6.  LOOP  -  FAIRLY  COMPLEX  FOR  UNIMODAL  AP  CASES;  EVEN  MORE  SO  FOR 
MULTIMODAL  AP  CASES.  WHERE  INTERACTION  BETWEEN  THE  MODES  MUST 
NOW  BE  CONSIDERED 

’FOR  LOW  CROSS  FLOW,  HIGH  BLOWING  RATIO  CASES,  THE-Ky  TERM  IN  EQN4  ' 
CAUSES  r  TO  GO  NEGATIVE,  A  RESULT  WE  INTERPRET  AS  INDICATING  BOUNDARY 
LAYER  BLOWOFF  -  IF  THIS  OCCURS,  WE  USE  A  COSINE  LAW  VELOCITY  PROFILE 
FOR  OUR  ANALYSIS  IN  PLACE  OF  INTEGRATION  OF  EON  5. 
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Figure  1.  Schematic  of  Burning  Composite  Propellant  Postulated  Flame  Structure,  with  and 
v  'thout  Crossflow. 
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Figure  2.  Modification  of  Diffusion  Flame  Shape  by  Crossflow. 
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Figure  3.  Schematic  Drawing  of  Erosive  Burning  Test  Apparatus. 


Figure  4.  Zero-Crossflow  Burning  Rates  at  200  psia,  Data  and  Predictions. 
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Figure  7.  Burning  Rats  Predictions  (Solid 
Lines)  and  Data  (Points)  for 
Formulation  4525  (73/27 
AP/HTPB,  20  MICRON  AP). 


Figure  8.  Burning  Rate  Predictions  (Solid 
Lines)  and  Data  (Points)  for 
Formulation  5051  (73/27 
AP/HTPB,  200  Micron  AP). 
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Figure  9.  Burning  Rato  Predictions  (Solid 
Lines)  and  Data  (Points)  for 
Formulation  468?  (73/27 
AP/HTPB,  5  Micron  AP). 
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Figure  1 0. 


Burning  Rate  (No  Predictions) 
for  Formulation  4869  (72/26/2 
AP/HTPB/Fe203,  20  Micron 
AP). 
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Figure  11. 


Burning  Rate  Predictions  (Solid 
Lines)  and  Data  (Points)  for 
Formulation  5542  (77/23 
AP/HTPB,  20  Micron  AP). 
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Figure  1 3.  Burning  Rate  Predictions  (Solid 
Lines)  for  Formulation  5555 
(82/18  AP/HTPB,  41%  1 
Micron  AP,  41%  7  Micron  AP). 
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Figure  12. 


Burning  Rate  Predictions  (Solid 
Lines)  and  Data  (Points)  for 
Formulation  5565  (82/18 
AP/HTPB,  13.65%  90  Micron 
AP.  68.35%  200  Micron  AP). 
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Figure  14.  Burning  Rate  Predictions  (Solid 
Lines)  and  Data  (Points)  for 
Formulation  7993  (82/18 
AP/HTPB,  41%  7m AP,  41% 

90m  AP). 
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Figure  19.  Scaling  Effects  on  Predicted  Erosive  Burning. 
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Figure  20.  Scaling  Effects  on  Predicted  Erosive  Burning. 
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A  MODEL  FOR  PREDICTION  OF  EFFECTS  OF 
PRESSURE,  CROSSFLOW  VELOCITY,  AND  HEAT  OF  EXPLOSION 
ON  DOUBLE-BASE  PROPELLANT  BURNING  RATE 
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ABSTRACT 

A  model  permitting  the  prediction  of  mass  burning  rate  of  uncatalyzed 
NG/NC  double-base  propellants  as  a  function  of  crossflow  velocity,  pressure, 
and  formulation  heat  of  explosion  has  been  developed.  Two  crossflow  model 
variants,  differing  in  assumptions  regarding  the  penetration  of  crossflow- 
induced  turbulence  into  the  fizz  zone,  were  examined.  In  the  first  variant, 
the  fizz  zone  was  treated  as  being  sufficiently  structured  to  prevent  tur¬ 
bulence  penetration,  with  the  only  burning  rate  augmentation  mechanism  then 
being  the  amplification  of  transport  properties  in  the  dark  zone  (suffici¬ 
ent  to  cause  the  final  flame  to  influence  the  inner  zones)  by  crossflow- 
induced  turbulence.  This  model  variant  was  found  to  result  in  serious 
under  prediction  of  crossflow  effects.  In  the  other  variant,  the  fizz  zone 
was  treated  as  a  gas  in  terms  of  its  fluid  dynamic  behavior,  with  result¬ 
ant  turbulence  amplification  of  transport  properties  in  both  the  fizz  and 
dark  zones.  With  this  approach,  reasonably  good  agreement  between  pre¬ 
dicted  and  measured  burning  rates  over  a  wide  range  of  crossflow  velocities 
was  obtained.  Under  zero-crossflow  conditions,  the  models  were  found  to 
give  good  agreement  with  data  for  burning  mass  fluxes  in  excess  of  0.5 
gm/cm  sec  without  introduction  of  a  pressure-dependency  for  surface/sub- 
surface  condensed-phase  heat  release.  Inclusion  of  pressure  dependency 

in  this  term  permitted  extension  of  the  region  of  good  agreement  between 

2 

data  and  theory  down  to  0.3  gm/cm  sec. 

BACKGROUND 

Over  the  past  twenty  years,  numerous  models  for  prediction  of  solid 
propellant  burning  rate  augmentation  due  to  crossflow  of  combustion  pro¬ 
duct  gases  across  the  propellant  surface  have  been  developed.  Most  of 
those  developed  prior  to  1977  are  referenced  and  reviewed  in  Reference  1, 


-  -  ■r'Qsra&Z&frf 


while  more  recent  models  appear  in  References  2-11.  These  models  may  be 
divided  into  several  categories:  (1)  models  based  on  heat  transfer  from 
a  "core"  gas  to  the  propellant  surface  by  forced  convection;  (2)  models 
based  on  the  alteration  of  transport  properties  between  a  gas-phase  flame 
zone  and  the  propellant  surface  by  crossflow- induced  turbulence;  (3)  models 
based  on  chemically  reacting  boundary  layer  theory;  and,  (4)  models  based 
on  alteration  of  flame  geometry  by  crossflow.  Some  of  these  models  have 
been  developed  specifically  for  homogeneous  propellants  and  others  for 
heterogeneous  propellants,  while  in  some  of  the  heat  transfer  models,  the 
propellant  type  is  not  even  considered.  For  the  most  part,  these  models 
emphasize  the  fluid  dynamic  aspects  of  the  problem  with  little  attention 
being  paid  to  the  combustion  wave  structure,  a  major  shortcoming  in  this 
author's  opinion.  Recently,  however,  several  models  of  composite  propel¬ 
lant  erosive  burning  (notably  those  of  King^  Renie,  et  al^\  and 
(12) 

Legelle  )  with  emphasis  on  the  flame  structure  have  been  developed. 

It  does  not  appear  to  this  writer  that  any  of  the  existing  homogeneous 

(double-base)  propellant  erosive  burning  models  adequately  treat  the  observed 

mechanistic  details  of  double-base  propellant  combustion,  notably  the 

existence  of  multiple  heat  release  regions  separated  by  zones  in  which 

little  reaction  takes  place.  Instead,  the  existing  models  of  double-base 

propellant  erosive  burning  either  simply  treat  forced  convective  heat 

transfer  from  the  mainstream  core  flow  to  the  propellant  surface  or,  at 

best,  analyze  heat  feedback  from  a  single  flame  zone  whose  location  is 

defined  by  analysis  of  one  simple  global  reaction.  In  the  current  effort, 

the  effects  of  crossflow  on  a  multiple-flame  double-base  propellant  com- 

(13) 

bustion  wave  as  described  by  Rice  and  Ginnell  ,  among  others,  are 
examined . 

The  proposed  double-base  propellant  flame  structure  is  depicted  in 
Figure  1.  As  indicated,  there  are  three  major  reaction  zones,  separated 
by  regions  in  which  negligible  reaction  occurs,  sometimes  referred  to  as 
induction  zones.  Deep  below  the  surface,  the  propellant  is  simply  preheated 
from  its  conditioning  temperature  until  it  reaches  a  temperature,  near  the 

surface,  at  which  reaction  to  preliminary  gaseous  or  gas /liquid  spray  products 


! 
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takes  place.  These  fragments  are  further  heated  by  the  thermal  wave  until 
a  second  set  of  reactions  producing  NO  and  simple  organic  molecules  (notably 
formaldehyde)  occurs  in  a  second  reaction  zone  (which  may  be  quite  thin  or 
may  occupy  a  large  fraction  of  the  fizz  zone,  depending  on  the  temperature 
sensitivity  of  the  reaction  rates).  Finally,  there  is  a  long  induction 
zone,  generally  referred  to  as  the  "dark  zone"  terminated  by  a  final  lumi¬ 
nous  flame  zone  in  which  the  intermediates  are  converted  to  equilibrium 
products.  It  is  generally  claimed  that  this  last  reaction  zone  is  quite 
thin,  allowing  it  to  be  reasonably  approximated  as  a  flame  sheet. 

As  indicated  in  Figure  1,  the  second  derivative  of  temperature  is 
positive  in  the  non-reactive  regions  and  negative  in  the  reaction  zones.  In 
the  absence  of  crossflow,  it  may  be  easily  shown  that  the  long  distance 
separating  the  final  flame  zone  from  the  fizz  zone,  combined  with  the  rela¬ 
tively  low  gas  molecular  conductivity  results  in  negligible  heat  feedback 
from  the  final  flame  zone  to  the  inner  zones,  thus  causing  the  temperature- 
distance  derivative  to  be  essentially  zero  at  the  inner  edge  of  the  dark 
zone,  with  resultant  decoupling  of  the  final  flame  zone  processes  from  the 
burn-rate-controlling  fizz  zone  and  subsurface  zone  reaction  processes. 

However,  in  the  presence  of  strong  crossflow,  induced  turbulence  can  cause 
the  average  effective  turbulent  thermal  conductivity  across  the  dark  zone 
to  be  raised  one  to  two  orders  of  magnitude  above  the  molecular  thermal 

condv.  *  ty.  Preliminary  calculations  performed  using  empirical  expressions 

(14) 

for  f  ■'  ''’.irk  zone  width  based  on  the  work  of  Aoki  and  Kubota  indicate 
that  a  an  increase  results  in  the  final  flame  region  contributing  apprec¬ 
iable  heat  flux  back  to  the  fizz  zone,  thus  raising  its  temperature  markedly. 
This,  in  turn,  accelerates  the  reactions  in  this  zone  causing  greatly 
increased  heat  feedback  to  the  propellant  surface  with  a  resultant  increase 
in  burning  rate. 

A  second  potential  mechanism  by  which  crossflow  can  accelerate  the 
burning  rate  of  homogeneous  double-base  propellants  involves  possible  pene¬ 
tration  of  crossflow- induced  turbulence  into  the  fizz  zone  with  resultant 
increase  in  heat  feedback  from  the  fizz  zone  reaction  region  to  the  pro¬ 
pellant  surface.  However,  due  to  the  observed  gas/liquid  froth  structure  of 
this  zone,  it  is  not  totally  clear  how  effectively  crossflow- induced  turbulence 
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will  penetrate  through  this  zone  toward  tie  propellant  surface.  Accordingly, 
two  limiting-case  analyses  have  been  developed  and  are  presented  below: 

(1)  no  turbulence  penetration  into  the  fizz  zone,  with  the  outer  edge  of  the 
fizz  zone  being  considered  to  be  an  effective  surface  is  regards  the  flow  field 
analysis;  and,  (2)  treatment  of  the  fizz  zone  as  a  pure  gas,  with  the  flow 
field  analysis  beginning  at  the  actual  propellant  surface. 

HOPEI.  DEVELOPMENT 

The  model  development  was  carried  out  in  two  phases.  First,  sevral 
fairly  closely  related  models  were  developed  for  the  combustion  of  homogeneous 
double-base  propellants  in  the  absence  of  crossflow.  These  models  were 
tested  against  a  data  base  developed  by  Miller,  et  al^}  and  one  was  selected 
for  extension  to  treatment  of  crossflow  effects.  As  mentioned  above,  two 
separate  erosive  burning  models,  representing  limiting  cases  as  regards  pene¬ 
tration  of  crossflow- induced  turbulence  into  the  fizz  zone,  were  then  developed. 

As  indicated  earlier,  in  the  pressure  range  of  practical  interest,  the 
final  flame  zone  is  sufficiently  far  from  the  propellant  surface  that  under 
no-crossflow  conditions  it  does  not  affect  the  propellant  burning  rate,  with 
heat  feedback  from  it  to  the  fizz  zone  being  negligible  and  the  temperature 
gradient  at  the  inner  edge  of  dark  zone  being  zero. 

In  the  first  variant  of  the  no-crossflow  model,  the  fizz  reaction  zone 
is  assumed  to  be  infinitesimally  thin  (flame  sheet)  with  its  distance  from 
the  surface  being  calculated  as  the  product  of  the  velocity  of  gas  flow  from 
the  surface  and  a  characteristic  reaction  time.  Based  on  the  work  of 
Beckstead^^,  it  is  assumed  that  the  burning  mass  flux  and  surface  temperature 
are  related  by: 

.  .  —  Ec/RTC 

m  =  A  e  s  s  (1) 

s 

2 

A  =  5000  gra/cm  sec 

Eg  =  10000  calories /gm-mol 

Since  there  is  no  heat  release  between  the  surface  and  the  fizz  zone  flame 


sheet  (located  at  X  =  Lp^) »  then  between  X  =  0  and  X  =  Lp^: 


dX* 


-  m  C. 


PFZ  dX 
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At  X  =  Lp^*  with  application  of  an  energy  balance  and  use  of  the  fact  that 
the  temperature  gradient  is  zero  at  the  inner  edge  of  the  dark  zone: 


T  =  T, 


DZ 


x  « 

A  dX 


=  m  Q 


Sz 


gas 


(3) 

(4) 


where  T  is  the  dark  zone  temperature  and  Q  _  is  the  heat  release  per  unit 
DZ.  gas 

mass  in  the  fizz  zone  flame  sheet.  Application  of  an  overall  energy  balance 
(with  zero  feedback  from  the  final  flame)  yields: 


Qgas  =  CPFZ  ^TDZ“  V  +  °PS  (iS~V  "  QL 


(5) 


where  TQ  is  the  propellant  conditioning  temperature  and  is  the  net  surface/ 
subsurface  heat  release  per  unit  mass  of  propellant.  Integration  of  Eqn.  2, 
application  of  the  boundary  conditions  given  by  Eqns.  3  and  4,  and  substitution 
of  Eqn.  5  yields: 


T  «  T 

S  ldz 


^PS 

(tdz"  ts)  +  (Ts  “  V  ‘  c 

DZ  S  CpFZ  S  0  CpFZ 


^L-e~ACPFZ  LFZ/X^  (6) 


At  this  point,  expressions  for  TDZ>  Q^»  and  Lpz  are  needed  for  closure  of  the 
problem. 

(14) 

Aoki  and  Kubota  have  recently  published  results  of  experimental  deter¬ 
mination  of  dark  zone  temperature  as  a  function  of  pressure  and  formulation 
heat  of  explosion  (H^) ’  their  data  may  be  fit  reasonably  well  by: 

tdz  =  a  +  b  hex  (7) 

b  =  0.425 

a  =  720  +  125  ln(P) ,  P  <  20  atm 
a  =  855  +  80  ln(P) ,  P  >  20  atm 

Two  expressions  for  Q  were  examined  in  the  course  of  this  study.  The 
first  of  these,  taken  from  the  work  of  Beckstead^  ,  relates  to  alone: 


Ql  =  65.7  +  0.013 
H_v,  Q.  in  calories /gram 

L 


(8a) 


As  will  be  discussed  later,  this  expression  yielded  excellent  agreement  between 

burning  rate  predictions  and  data  at  high  pressures  but  led  to  a  pressure  exponent 
of  zero  at  low  pressures,  in  conflict  with  the  data,  due  to  lack  of  pressure 


dependency  of  Q^.  (At  sufficiently  low  pressures,  less  than  approximately 
10-20  atmospheres,  depending  on  the  value  of  H^,  the  burning  becomes  driven 
by  the  surface/subsurface  heat  release,  with  gas-phase  feedback  from  the 
fizz  zone  going  to  zero.)  Accordingly  a  modified  expression,  allowing  for 
dependence  of  Q  on  pressure,  was  utilized  to  provide  better  agreement  between 

la 

low  pressure  burning  rate  data  and  predictions: 

Ql  =  (65.7  +  0.013  H^)  (P/6)0,08  (8b) 

P  in  atmospheres 


(Interestingly  enough,  subsequent  to  development  of  this  model,  the 
author  found  a  report  by  Kubota,  Ohlemiller,  Caveny,  and  Summerfield^^in 
which  thermocouple  measurements  of  temperature  profiles  in  burning  double-base 
propellants  were  used  in  combination  with  surface  heat  balances  for  estimation 
of  surface  heat  release  as  a  function  of  burning  rate.  Combining  their  data 
for  uncatalyzed  formulations  with  burning  rate  versus  pressure  data  for  the 
same  formulations  (Figs.  10,  19,  and  52  of  Ref.  20)  yields  a  plot  of  versus 
pressure  which  indicates  that  is  approximately  proportional  to  pressure 
to  the  0.10  power  over  a  range  of  1  to  100  atmospheres,  quite  close  to  the 
pressure  dependency  expressed  in  Eqn.  8b.) 


Finally,  the  distance  from  the  propellant  surface  to  the  fizz  zone  flame 

sheet  (L  )  was  calculated  as  the  product  of  the  average  gas  velocity  across 
FZ 

the  fizz  zone  and  a  characteristic  reaction  time,  given  by  the  following 
equations: 


A  R  <TDZ  +  V 


2  P(MW) 
^ZRX 


eEFZ/RTDZ 


FZRX 


T  P 
XDZ 


(v-1) 


Based  on  the  work  of  Aoki  and  Kubota ^^and  Beckstead^8^ , 


(9) 

(10) 


Efz  was  set  equal 


to  40000  and  the  reaction  order,  v,  was  chosen  to  be  unity.  With  these  sub¬ 
stitutions,  Eqns.  9  and  10  may  be  combined  to  yield: 
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where  is  the  fizz  zone  global  reaction  rate  pre-exponential,  which  is 

(15) 

determined  by  fitting  one  data  point  out  of  the  Miller  burning  rate  data 
base  for  NC(12.6%  N) /NG/Secondary  Plasticizer  double-base  formulations.  (Since 
burning  rate  is  observed  to  depend  on  the  degree  of  nitration  of  nitrocellu¬ 
lose,  this  constant  would  probably  change  for  formulations  containing  NC 
with  different  levels  of  nitration,  such  as  1PN  with  its  13.5%  N  nitrocellulose.) 

Substitution  of  Eqns.  7  and  8  into  Eqns  6  and  11  reduces  the  problem  to 
three  equations  (1,  6  and  11)  three  unknowns  (  m,  Lpz>  and  Tg)  which  are  simply 
solved  (though  care  must  be  taken  in  low  pressure  cases  where  the  gas-phase 
heat  feedback  becomes  negligible) ,  to  give  burning  rate  as  a  function  of  pres¬ 
sure  and  formulation  heat  of  explosion. 

In  a  second  approach  to  the  analysis  of  no-crossflow  double  base  propel¬ 
lant  combustion,  it  was  assumed  that  the  volumetric  heat  release  is  dis¬ 
tributed  uniformly  across  the  entire  fizz  zone.  In  this  case,  Eqn.  2  is 
replaced  by: 


where: 


q  -  £-  U 

rZ  L 


-AcpfzS  +  Q  =  0 


(Tw-  Tc)  +  Cps(Ts-  Tn)  -  Q. 


PFZ  v  DZ 


and  the  boundary  condition  given  by  Eqn.  4  is  replaced  by: 


Integration  of  Eqn.  12  followed  by  application  of  the  boundary  conditions  given 
by  Eqns.  3  and  14  yields: 

TS  =  T0  +  ^  +  AC""  L  f(TDZ'  V  T  (VV-  ^— ]  (l  -  e’mCPFZ  LFzA\  (15) 
S  0  CPS  m  CPSLFZ  DZ  S  CPK  S  °  CPFZ  \ 


as  a  replacement  for  Equation  6.  The  remainder  of  the  analysis  is  identical 
with  that  of  the  first  model  variant. 

The  third  model  variant  examined  employed  the  Zeldovich  approach  to  flame- 
speed  calculations,  with  division  of  the  fizz  zone  into  a  conductive-convective 


a1* 


^rrw 


A.* 


region  with  no  reaction  and  a  conductive-reactive  region  in  which  convection 
is  neglected.  Details  of  this  type  of  analysis  are  presented  in  a  text  by 
Glassman^^  and  will  not  be  repeated  here.  For  a  first  order  gas-phase 
reaction,  this  analysis  results  in  the  following  relationship  between  burning 
mass  flux,  dark  zone  temperature,  surface  temperature,  and  surface/subsurface 
heat  release: 


cpfz^tdz~  "V  +  cps^ts~  TcP  ~  ql 


(16) 


which  may  be  combined  with  Eqns.  1,  7,  and  8  for  calculation  of  burning  rate 
as  a  function  of  pressure  and  formulation  heat  of  explosion.  (It  should  be 
noted  that  Eqn.  16  becomes  invalid  if  the  surface  temperature  drops  below  a 
value  given  by  Cpg  (Tg-T^)  **  Q^:  in  this  case,  condensed-phaso  heat  release 
controls  and  the  burning  rate  is  found  by  setting  Tg  -  QL/CpS  +  T0  and  sub¬ 
stituting  this  value  of  Tg  into  Eqn.  1.) 


Finally,  a  fourth  no-crossflow  model  variant  using  an  eigen-value  problem 
approach  as  described  below  was  developed.  In  this  approach,  the  fizz  zone 
reactions  were  assumed  to  be  represented  by  a  single  global  first  order 
Arrenhius  kinetics  reaction.  As  before,  Eqn.  1  was  employed  to  relate  the 
mass  burning  flux  to  surface  temperature,  and  Eqns.  5,  7,  and  8  were  used  for 
calculation  of  Tn„,  QT ,  and  finally  Q  as  a  function  of  surface  temperature. 

uts  L  gclS 

Energy  and  species  mass  balances  within  the  fizz  zone  yield: 


where: 
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y  *  Mass  Fraction  of  Reactant  R 

K 

wR  =  Volumetric  Rate  of  Depletion  of  Reactant  R 
q  =  volumetric  heat  release  rate 


The  Shvab-Zeldovich^^ 

between  y  (X)  and  T(X): 
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approach  was  then  used  to  develop  a  relationship 
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where  y^n^t  is  the  mass  fraction  of  material  leaving  the  surface  which  is 
reactant  R.  With  the  assumption  of  first  order  kinetics,  the  volumetric  heat 
release  rate  may  be  expressed  as: 


q  =  A  Q  e_EVRT  P  y  /T 
g  gas  R 


(20) 


Combining  Eqns.  17,  19,  and  20,  using  E  =  40000  cal/mole  (again  based  on  the 


work  of  Aoki  and  Kubota 


(14) 


g 

and  Becks tead 


(16), 


) ,  and  lumping  the  product  of 
A  and  yR  ^ni{.  into  one  constant  to  be  evaluated  by  fitting  one  data  point, 
one  obtains: 

-40000/RT. 
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with  boundary  conditions: 
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[CPFZ  (TS_  V  ”  Ql]  ~  X  dX 


X=0 


T  =  TDZ  at  X  - 


(22) 

(23) 


culate  m,  Q  ,  T_.„,  Q_  ,  and  dT/dX  at  X  =  O. 
gas  \jL  L 


For  a  given  pressure  and  formulation  heat  of  explosion,  the  following  pro¬ 
cedure  is  used  to  calculate  a  predicted  burning  mass  flux.  First,  a  value 
of  surface  temperature  is  guessed  and  Eqns.  5,  7,  8,  and  22  are  used  to  cal- 

Equation  21  is  then  integrated, 
using  the  X  =  0  values  of  T  and  dT/DX,  by  a  Runge-Kutta  procedure  out  toward 
X  *  ”,  if  x  climbs  above  T-qz’  t*ie  calculat:‘on  *s  terminated  and  a  lower  value 
of  surface  temperature  guessed,  while  if  the  temperature  derivative  turns 
r.egativs  before  1^  is  reached,  the  calculation  is  terminated  and  a  higher 
value  of  surface  temperature  is  guessed,  this  procedure  being  repeated  until 
the  surface  temperature  is  bracketed  within  0.5°K(corresponding  to  an  error 
band  of  approximately  one  percent  on  burning  rate) . 

As  will  be  discussed  in  the  next  section,  all  four  zero-crossflow  model 
variants  have  been  found  to  give  comparable  predictions  of  the  Miller data 
base  for  burning  rate  as  a  function  of  pressure  and  heat  of  explosion.  Accord¬ 
ingly,  the  first  variant  (with  pressure-dependent  Q^)  was  selected  on  the  basis 
of  its  relative  simplicity  for  extension  to  the  case  of  nonzero  crossflow. 

As  mentioned  earlier,  two  crossflow  models  have  been  developed:  in  the  first. 


the  fizz  zone  is  assumed  to  be  structurally  rigid,  with  no  penetration  of 
turbulence  into  it;  while  in  the  second,  the  fizz  zone  has  been  treated  as 
a  gas  in  terms  of  its  fluid  dynamic  behavior. 

A  sketch  of  the  postulated  flame  structure  for  the  first  (rigid  fizz  zone) 

model  is  presented  as  Figure  2.  For  convenience  in  applying  a  boundary  layer 

analysis  computer  code  previously  developed  for  modeling  of  composite  propel- 

(2-4) 

lent  erosive  burning  ,  the  coordinate  system  is  chosen  such  that  the 
origin  (X=0)  is  at  the  interface  of  the  dark  zone  and  the  fizz  zone  since 
in  this  model  this  interface  is  the  "surface1'  of  the  propellant  as  regards 
the  flow  analysis.  As  may  be  seen,  there  are  three  distinct  infinitesimally 
thin  (flame  sheet)  heat  release  2ones  separated  by  regions  of  negligible 
heat  release.  As  in  the  zero-crossflow  case,  mass  burning  flux  is  related 
to  the  surface  (X  =  -Lp7)  temperature  through  Eqn.  1.  In  addition,  it  may 
be  shown  that  the  heat  release  at  the  fizz  zone  flame  sheet  is  given  by: 

V  '  SfZ  (a+b  “Bt  -  V  +  CPS  <V  V  -  «L  <24> 

with  given  by  Eqn.  8b.  Integration  of  the  Fourier  equation  with  no  heat 
release  between  X  3  -L^  ant*  X  3  0,  followed  by  application  of  boundary  con¬ 
ditions  at  X  -  0: 


leads  to: 


dT 

dX 
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+j  -  e_A  CPFZ  lFZ^  (27) 


(It  should  be  noted  that  TpZ_DZ  is  not  same  as  ^DZ  usec*  Previously  in  the 
no-crossflow  analysis,  due  to  heat  feedback  from  the  final  flame  causing  an 
increase  in  this  temperature.)  is  calculated  using  the  same  equation 

form  as  Eqn.  11,  with  TFZ_DZ  replacing  T^: 
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Data  presented  by  Aoki  and  Kubota  regarding  dark  zone  dimensions  were 
used  to  develop  the  following  expression  for  the  dark  zone  thickness: 


at  -  252  /m 
ALFF  "  p2.1  (m 


no  cro.ssflow 
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where  pressure  is  in  atmospheres  and  ALpp  in  centimeters.  An  overall  energy 
balance  is  used  to  develop  an  expression  for  the  final  flame  heat  release: 


^FF  *  CPDZ  (Tf  "  a  *  b  Hex^ 


(30) 


where  the  flame  temperature,  T^,  is  calculated  from  thermodynamic  equilibrium 


considerations.  For  closure  of  the  problem,  expressions  for  T_„  and 
•  r  Z— DZ 


(dT/dX)j^_0+  are  required.  Due  to  turbulence  in  the  dark  zone  induced  by 
crossflow,  the  effective  (turbulent  plus  molecular)  thermal  conductivity 
varies  strongly  across  this  zone.  Accordingly,  the  transport  of  energy 
across  this  zone  is  best  calculated  by  breaking  the  zone  up  into  many  segments, 
over  each  of  which  effective  thermal  conductivity  is  nearly  constant,  solv¬ 
ing  the  Fourier  equation  for  each  segment  and  applying  boundary  condition 
matching  conditions  at  each  segment  interface.  This  procedure  results  in: 
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0,  N  =  NTOT  at  X  =  AL^,) 


where  the  values  of  effective  thermal  conductivity,  Xt,  are  calculated  as  a 
function  of  position  using  a  turbulent  boundary  layer  analysis  procedure  des¬ 
cribed  in  Ref.  2-4,  and  briefly  outlined  in  Appendix  A. 


The  following  procedure  is  used  to  solve  the  above  equations  for  burning 
mass  flux  at  a  given  pressure,  crossflow  velocity,  and  formulation  heat  of 
explosion.  First,  the  no-crossflow  analysis  is  used  to  calculate  the  base 
burning  mass  flux  for  the  given  pressure  and  heat  of  explosion  values.  A 


value  of  m  is  then  guessed  and  Eqn.  29  is  used  to  calculate  AL. 


FF* 


Eqn.  30 


is  then  used  to  calculate  Qpp  and  the  flow  profile  analysis  together  with 
Eqns.  31  and  32  are  used  to  evaluate  Tpzoz  and  (dT/dX) |z_o+"  E<?n.  1  *s 


next  solved  for  Tg,  and  24  for  Qgag>  after  which  Eqns.  27  and  28  are  solved 


simultaneously  for  L^  and  m.  The  calculated  m  is  then  checked  against  the 
previous  value,  a  new  value  is  guessed,  and  the  procedure  is  repeated  to 
convergence. 

A  sketch  of  the  postulated  flame  structure  defining  the  coordinate  system 
for  the  second  (gaseous  fizz  zone)  erosive  burning  model  is  presented  as 
Figure  3.  Here,  because  the  boundary  layer  analysis  must  begin  at  the  pro¬ 
pellant  surface,  the  coordinate  system  is  redefined  so  that  the  origin  is  at 
the  actual  propellant  surface.  The  equation  development  for  the  model  is 
essentially  the  same  as  for  the  rigid  fizz  zone  model,  except  that  in  this 
case  allowance  must  also  be  made  for  variation  in  effective  thermal  conducti¬ 
vity  across  the  fizz  zone  as  well  as  across  the  dark  zone.  This  change  results 
in  replacement  of  Eqn.  27  by: 
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and  Eqns.  31  and  32  by: 
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The  equation  solution  procedure  is  basically  unchanged. 

RESULTS  AND  DISCUSSION 

As  mentioned  earlier,  Miller  has  generated  a  systematic  data  base 
for  burning  rate  of  Nitrocellulose  *,12.6  N) /Nitroglycerine/Secondary  Plasti¬ 
cizer  double-base  formulations  as  a  function  of  pressure  and  heat  of  explo¬ 
sion,  without  crossflow.  Each  of  the  no-crossflow  model  variants  described 
in  the  previous  section  has  been  used  to  predict  the  dependence  of  burn  rate 
on  pressure  and  for  these  formulations,  with  one  point  of  the  data  base 


being  used  to  fix  the  one  unknown  constant,  the  fizz  zone  reaction  rate  pre¬ 
exponential,  in  each  variant.  For  the  flane  sheet,  uniformly  distributed  heat 
release,  and  Zeldovich  approach  variants,  the  base  point  used  was  at  F  =  35 
atmospheres,  *  950  calories/gram,  while  for  the  eigen-value  approach,  it 
was  at  P  =  49  atmospheres,  =  950  calories/gram.  Predicted  and  measured 
burning  mass  fluxes  are  presented  in  Figures  4-8.  In  the  first  three  of 
these  figures,  the  surf ace/ subsurf ace  heat  release  parameter  was  assumed  to 
be  pressure- independent,  while  in  the  latter  two  figures  it  was  allowed  to 
depend  on  pressure  in  accordance  with  Eqn.  8b.  As  may  be  seen  from  Figures 
4-6,  three  of  the  model  variants,  with  pressure  independent  surface  heat  re¬ 
lease,  give  reasonably  good  predictions  of  data  for  the  higher  pressure  end 
of  the  data  bank,  but  deviate  somewhat  at  low  pressure.  The  pressure  at  which 
the  deviation  occurs  appears  to  increase  with  decreasing  propellant  heat  of 
explosion.  On  the  whole,  the  flame  sheet  and  eigenvalue  variants  appear  to 
do  better  than  the  Zeldovich  -  type  model,  while  the  uniform  heat  release 
approach  (results  not  presented)  does  slightly  worse.  The  explanation  for 
the  relatively  poor  agreement  between  theory  and  data  at  low  pressure  lies 
in  the  fact  that  at  these  lower  pressures  the  burning  begins  to  be  driven 
totally  by  the  surface/subsurface  heat  release,  the  offset  distance  of  the 
fizz  zone  flame  being  so  large  as  to  provide  negligible  heat  feedback  to  the 
surface.  Since  the  surface/subsurface  heat  release  was  assumed  to  be  pressure- 
independent  this  of  leads  to  a  predicted  burning  rate  pressure  exponent 

of  zero  in  these  low  •  sure  regions,  at  variance  with  experimental  obser¬ 
vations. 


Accordingly,  revised  versions  of  the  flame  sheet  and  eigen-value  model 
variants ,  with  allowance  for  pressure-dependent  surface  heat  release  (in 
accordance  with  Eqn.  8b)  were  developed  and  tested  against  the  Miller  data 
base.  Results  of  these  calculations  are  presented  in  Figures  7  and  8.  As 
may  be  seen,  agreement  between  predicted  and  experimental  burning  rates  is 
excellent  with  either  model. 

In  Figure  9,  predictions  made  with  the  flame  sheet  model,  with  allowance 
for  pressure-dependent  surface/subsurface  heat  release  in  accordance  with 
Eqn.  8b  are  compared  against  data  obtained  by  Aoki  and  Kubota  for  two  propel¬ 
lants  with  much  higher  NC/NG  ratios  than  those  tested  by  Miller.  No  constants 
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were  adjusted  in  making  these  predictions.  As  may  be  seen,  at  the  higher  pres- 

ures  the  agreement  between  data  and  predictions  is  excellent.  However,  at 

the  low  end  of  the  pressure  range  examined,  particularly  for  the  lower  energy 

formulation,  theory  and  data  diverge  somewhat,  with  the  model  predicting  higher 

burning  rates  than  observed.  The  break  between  data  and  theory  occurs  at  a 

2 

burning  mass  flux  of  about  0.3  gm/cm  sec  for  each  formulation.  Examination 
of  intermediate  output  from  the  model  indicates  that  it  is  in  this  region  that 
the  condenced  phase  processes  begin  to  control  the  burning  rate,  the  gas  phase 
flame  moving  so  far  away  from  the  surface  as  to  have  no  effect  on  burning  rate 
at  lower  pressures.  Thus,  it  appears  that  for  improvement  of  the  no-crossflow 
model  in  the  low  pressure  regime,  effort  will  have  to  be  concentrated  on 
better  modeling  of  the  condensed  phase  processes. 

The  two  erosive  burning  models  developed  (one  assuming  essentially  a 

rigid  fizz  zone  structure  with  no  turbulent  transport  property  augmentation 

in  this  region,  the  other  assuming  that  the  fizz  zone  acts  like  a  gas  in  terms 

of  penetration  of  turbulence)  have  been  tested  against  data  obtained  for  two 

(19) 

NG/NC  propellants  by  Burick  and  Osborn  .  These  formulations,  designated 
as  BUU  and  BDI  have  heats  of  explosion  of  approximately  1050  cal/gm  and  920 
cal/gm,  respectively.  Predicted  and  observed  burning  mass  fluxes  are  presented 
in  Figures  10  -  13.  As  may  be  seen  from  Figure  10,  the  no-crossflow  predict¬ 
ions  of  burning  rate  versus  pressure  for  BUU  are  excellent.  In  addition, 
the  erosive  burning  predictions  made  assuming  full  turbulence  penetration 
through  the  fizz  zone  are  quite  good,  while  the  rigid  structure  fizz  zone 

model  results  in  drastic  underprediction  of  the  effects  of  crossflow.  This 
is  more  clearly  shown  in  Fig.  11,  where  the  burning  mass  flux  (predicted 
and  observed)  is  plotted  against  crossflow  velocity  at  constant  pressure. 

As  may  be  seen,  the  effects  of  crossflow  predicted  assuming  turbulent  boundary 
layer  development  starting  at  the  interface  of  the  unburned  propellant  and 
the  fizz  zone  agree  quite  well  with  data,  while  the  alternative  assumption 
regarding  turbulence  penetration  into  the  fizz  zone  fails  badly.  Similar 
results  for  the  BDI  formulation  appear  in  Figures  12  and  13. 

SUMMARY 

Several  variants  of  a  model  for  prediction  of  burning  rate  of  uncatalyzed 
homogeneous  double-base  propellants  as  a  function  of  pressure  and  heat  of 


explosion,  in  the  absence  of  crossflow,  have  been  developed  and  shown  to  give 

reasonable  agreement  with  data,  particularly  for  burn  rates  in  excess  of 

2 

approximately  0.5  gm/cm  sec.  Allowance  for  pressure  dependence  of  exo¬ 
thermic  surface/subsurface  reactions  extends  the  region  of  good  agreement 

between  data  and  theory  down  to  mass  burning  fluxes  of  approximately  0.3 
2 

gm/cm  sec  (0.2  cm/sec).  One  of  the  model  variants  developed,  a  flame-sheet 

model,  has  been  extended  to  allow  for  the  effects  of  crossflow.  Two  variants 
of  a  crossflow  model  have  been  developed.  In  one  of  these,  it  is  assumed 
that  crossflow- induced  turbulence  does  not  penetrate  the  fizz  zone  and  that 
the  only  mechanism  leading  to  increased  burning  in  the  presence  of  cross- 
flow  is  turbulence  augmentation  of  transport  properties  in  the 
dark  zone  resulting  in  significant  heat  feedback  from  the  final  flame,  which 
does  not  come  into  play  in  the  absence  of  crossflow.  In  the  other  variant, 
it  is  assumed  that  the  fizz  zone  acts  like  a  gas  in  terms  of  its  fluid 
dynamic  behavior,  with  crossflow- induced  turbulence  not  only  bringing  the 
final  flame  into  play  but  also  increasing  the  effective  transport  properties 
across  the  fizz  zone.  The  latter  variant  is  found  to  result  in  good  agreement 
between  predictions  and  data,  while  the  former  variant  results  in  marked  underpre¬ 
diction  of  the  effects  of  crossflow  on  double-base  propellant  burning  rate. 

NOMENCLATURE 

•  /  -  -  ■  - - - - 

Ag  Pre-exponential  in  Arrenhius  expression  relating  mass  burning  flux 

to^  surface  temperature 

b  *  Blowing  Parameter,  defined  by  Eqn.  A2 

Skin  friction  coefficient,  with  blowing 
C^o  Non-blowing  skin  friction  coefficient  . 

CpDZ  Heat  capacity  in  dark  zone 

CppZ  Heat  capacity  in  fizz  zone 

Cpg  Condensed-phase  propellant  heat  capacity 

EpZ  Fizz  zone  reaction  activation  energy 

Eg  Surface  reaction  activation  energy 

h  Flow  channel  half-height 

Hj^  Propellant  heat  of  explosion 

KpZRX  Fizz  zone  reaction  constant,  defined  by  Eqn.  10 

LpZ  Fizz  zone  thickness 

M  Crossflow  Mach  Number 

MW*  Molecular  Weight  of  propellant  ablation  products 
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Propellant  burning  mass  flux 
Pressure 

Heat  release  per  unit  mass  in  final  flame 
Heat  release  per  unit  mass  in  fizz  zone  flame 
Net  surface/subsurface  heat  release  per  unit  mass 
Gas  law  constant 
Temperature 

Propellant  conditioning  temperature 
Propellant  adiabatic  flame  temperature 
Propellant  surface  temperature 

Dark  zone  temperature  in  absence  of  final  flame  influence 
Temperature  at  Fizz  Zone-Dark  Zone  Interface 
Crossflow  velocity 
Free  stream  crossflow  velocity 

Distance  coordinate  normal  to  propellant  surface  (Fig.  2  and  3) 
Dark  zone  thickness 
Eddy  viscosity 

Molecular  thermal  conductivity  of  ablation  products 

Total  (molecular  plus  turbulent)  thermal  conductivity 

Molecular  viscosity 

Gas  density 

Local  shear  stress 

Fizz  zone  reaction  time 

Wall  shear  stress 

Reaction  order  for  Fizz  zone  reaction 
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APPENDIX  A 


BOUNDARY  LAYER  ANALYSIS  FOR  DETERMINATION 
OF  EFFECTIVE  THERMAL  CONDUCTIVITY  DISTRIBUTION 

Details  of  the  boundary  layer  analysis  employed  to  determine  distribution 
of  total  (molecular  plus  turbulent)  thermal  conductivity  through  the  zones 
of  interest  are  described  in  detail  in  Ref.  2-4:  a  brief  outline  and  sum¬ 
mary  is  presented  below. 

First  the  non-blowing  skin  friction  coefficient  is  calculated  as  a 
function  of  crossflow  Reynolds  number  from  a  smooth-wall  equation: 


C,  =  .00140  +  .125  Re'0,32  (Al) 

to 

(Options  for  treatment  of  a  rough  surface  are  also  included  in  the  analysis 
but  were  not  invoked  in  this  study.)  The  estimated  mass  burning  flux 
(or  value  obtained  in  the  previous  calculation  loop)  is  then  used  to  generate 
the  value  of  the  blowing  parameter,  b: 


b  = 


2  m _ 

(p  UFS) Crossflow  Cfo 


(A2) 


which  is  then  used  in  calculation  of  the  actual  skin  friction  coefficient 
in  the  presence  of  blowing.  Several  optional  equations  for  this  parameter 
are  included  in  the  program:  the  one  employed  in  the  calculations  presented 
herein  (selected  on  the  basis  of  success  with  prediction  of  composite  propel¬ 
lant  erosive  burning)  is: 


C 


f 


0.4 


(A3) 


This  value  was  then  used  to  calculate  a  shear  stress  at  the  surface  via: 


Vu  ’  (Cf/2)  pfs  "fs 


(A4) 


Application  of  a  momentum  integral  analysis  for  a  two-dimensional  channel 
yields  the  following  expression  for  local  shear  stress  as  a  function  of  dis¬ 
tance  from  the  propellant  surface  and  the  local  crossflow  velocity: 


T  3  Twall  +  A  u  ‘  ^ 

K  *  0.9  m  U  2  +  ‘f-1-  ,M  )  /h 

1  -  M  \! 

In  addition,  the  local  shear  stress  is  related  to  the  local  crossflow  vel¬ 
ocity  g-adient  by: 

t  =  (u  +  pe)  du/dx  (A7) 

A  Prandtl  mixing  length  expression  for  eddy  viscosity: 

e  =  .168  y2(DF)2  du/dx  (A8) 


(A5) 

(A6) 


and  equations  of  state  relating  p  and  y  to  temperature  were  employed  along 
with  the  approximation  of  a  linear  temperature  gradient  across  the  zone  of 
interest  to  close  the  analysis.  (In  the  calculations  presented  in  this  paper, 
the  dumping  factor  was  set  equal  to  unity) 


With  these  relationships.  Equations  AS  -  A8  may  be  combined  and  integrated 
from  the  wall  (with  u  =  0  at  X  s  0  as  a  starting  boundary  condition)  to  yield 
among  other  things,  the  variation  of  eddy  viscosity  (e)  with  X.  The  total 
(molecular  plus  turbulent)  thermal  conductivity  may  then  be  calculated  as 
a  function  of  X  from 


pe 

y 


=  f(x) 


(A9) 
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Figure  7. 

Comparison  of  Predicted  Burning  Rates  Using  a  Flame-Sheet 
Model  with  Miller  Data  (Pressure-Dependent  Surface/ 
Subsurface  Heat  Release). 
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Figure  9.  Comparison  of  Predicted  Burning  Rates  Using  a  Flame-Sheet 
Model  with  Oata  of  Aoki  and  Kubota  (Prussure-Dependent 
Surface/Subsurface  Heat  Release). 
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Propedant. 


1.0 

(.0 


THEORY 

—  — .  TURBULENCE  IN  CIZ2  ZONE 
1 —— —  NO  TURBULENCE  IN  FIZZ  ZONE 


V  •  70S  m/« 


4SNG/39NC 


4  I  I  10  20 

PRESSURE  (MPal 


Figure  1Z.  Predicted  and  Observed  Burning  Man  Flum  c  for  801 
Proocllant. 


200  100  400  S00  «00 

CROSSFLOW  VELOCITY  (m/t) 


Figure  11.  Predicted  and  Observed  Ejects  of  Cronflow  Velocity 
on  Burning  Rati  of  BUll  Propellant. 
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Figure  13.  Predicted  and  Observed  Effects  of  Crosdlow  on  Burning 
Rate  of  BOI  Propellant. 
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Erosive  burning  of  composite  solid  propellants  is  inve»  igated  by  analyzing  a  steady,  two-dimensional, 
chemically  reacting,  turbulent  boundary  layer  over  a  propellant  surface.  Predicted  erosive  burning  rates  agree 
closely  with  experimental  data.  The  erosive  burning  rate  augmentation  is  found  to  be  caused  by  the  increase  in 
heat  feedback  introduced  by  the  increase  in  transport  coefficients,  and  the  turbulence  enhanced  mixing  ar.d 
reaction  of  the  oxidizer  and  fuel  gases.  The  increase  in  freestream  gas  velocity  brings  the  location  of  the  peak 
turbulence  intensity  and  the  heat  release  zone  closer  to  the  propellant  surface,  thereby  increasing  the  burning  rate 
of  a  propellant. 


Nomenclature 

a  =  reaction  time  parameter  in  Sum- 

merfield’s  burning  rate  law,  psia/in./s 

Ag  =  Arrhenius  frequency  factor  in  gaseous 

reactions,  (m3)'1_'s  "■  (kmole)3’" 

As  =  Arrhenius  frequency  factor  in 

propellant  surface  decomposition, 
m/s 

A*  =  damping  constant  in  van  Driest’s 

hypothesis 

b  =  diffusion  time  parameter  in  Sum- 

merfield  s  burning  rate  law, 
psia1/3/in./s 

C,  — C4,C^,C„,C„  =  constants  in  turbulence  models 

Cp  YkCpk,  average  heat  capacity  of  the 

reacting  gases,  kcal/kg-K 

Cpk  =heat  capacity  of  the  Adh  species, 

kcal/kg-K 

Cs  =heat  capacity  of  solid  propellant, 

kcal/kg-K 

D  =  diffusion  coefficient  in  Fick's  Law, 

m:/s 

©  =  damping  coefficient  defined  in  Eq. 

(26) 

Eag,Eas  =  actuation  energies  in  the  gas  phase 

reaction  and  propellant  surface 
decomposition,  kcal/mole 

gF  s  Y'  y,  mean  square  of  fuel  mass- 

fraction  fluctuations 

AhFk  =heat  of  formation  of  the  Arth  species, 

keal/kg 

hk  si/:^  +  jf-Cpld7\  .  enthalpy  of 

the  Arth  species,  kcu  k 

H  sZkYkhk+u,u,/2,  stagnation  enthalpy 

of  gases,  keal/kg 
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=  Von  Karman's  constant 
bu;u',/ 2,  turbulent  kinetic  energy, 
m2/s2 

=  order  of  chemical  reaction 
=  pressure,  N/m2 

=s  Cp/r/X,  Prandtl  number  based  upon 
the  molecular  properties  of  the  fluid 
=  Prandtl  number  for  turbulent  flow 
defined  in  Eq.  (8) 

(vkWtAh}kiok) / (vFWF) ,  rate  of 
heat  generation  in  gas  phase, 
kcal/m3-s 

=  heat  of  reaction  defined  in  Eq.  (22), 
keal/kg 

=  total  burning  rate  of  a  solid 
propellant,  m/s 

=  strand  burning  rate  of  a  solid 
propellant,  m/s 

Bp^U^x/nn,  Reynolds  number  based 
on* 

=  roughness  height,  m 
=  universal  gas  constant,  N-m/kmole  K 
s  fi/pD,  Schmidt  number  based  upon 
molecular  properties  of  the  fluid 
=  Schmidt  number  for  turbulent  flow 
defined  in  Eq.  (8) 

=  temperature,  K 
=  reference  temperature,  298. 14  K 
=  propellant  temperature,  K 
=  propellant  initial  temperature,  K 
=  propellant  surface  temperature,  K 
=  reference  surface  temperature  of  the 
propellant,  K 

=  gas  velocity  in  x  direction,  m/s 
=  freestream  velocity,  m/s 
h  Vt,  /o*,  friction  velocity,  in/s 
=  ga  v-  ocity  in y  direction,  m/s 
s  (Zk  j k/Wk)  ,  average  molecular 
weight  of  gases,  kg/kmole 
=  molecular  weight  of  the  Arth  species, 
kg/ktnole 

=  coordinate  along  the  propellant 
surface,  m 

=  coordinate  normal  to  the  propellant 
surface,  m 

=  mass  fraction  of  the  Adh  species 
=  mass  fraction  of  fuel  in  a  composite 
solid  propellant 

=  mass  fraction  of  oxidizer  in  a  com¬ 
posite  solid  propellant 
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-time-averaged  quantity 
-  fluctuating  quantity 
=  partial  differentiation  of  the  quantity 
in  ()  with  respect  to  x„  (  )/m 
=  boundary-layer  thickness,  m 
s/iw/jir.'j/p,  turbulent  dissipation,  m2/s5 
=  thermal  conductivity  of  the  gas, 
kcal/m-s-K 

=  thermal  conductivity  of  the  solid 
propellant,  kcal/m-s-K 
=  gas  viscosity,  kg/m-s 
=  p  +  it, ,  effective  viscosity,  kg/m-s 
=  turbulent  viscosity  defined  in  Eq.  (11), 
kg/m-s 

s  (p/Pr)  +  (p,/Pr, ) ,  kg/m-s 
*  ( p/Sc )  +  (p, /Sc, ) ,  kg/m-s 
=  number  of  kmoles  of  the  Ath  species 
=  ga$  density,  kg/m5 
=  solid  propellant  density,  kg/m5 
&peUdu/dy,  local  shear  stress,  N/m2 
=  rate  of  production  of  species  k  due  to 
chemical  reactions,  kg/m5-s 

=  species  index  representing  fuel  gas 
[F ),  oxidizer  gas  [O],  and  product  gas 
IP] 

=  freestream  condition 
-  wall  (propellant  surface)  condition 


I.  Introduction 

EROSIVE  burning  is  a  common  phenomenon  experienced 
in  solid-propellant  rocket  motors,  and  generally 
represents  an  increase  in  propellant  burning  rate  due  to  high- 
velocity  combustion  gases  flowing  parallel  to  the  propellant 
surface.  The  ability  to  predict  the  burning  rate  is  of  prime 
importance  in  the  design  of  a  rocket  motor,  because  both  the 
thrust  level  and  the  burning  time  depend  on  the  burning  rate. 
Erosive  burning  is  a  serious  problem  in  high-performance 
rockets  and  missiles  with  high-thrust,  short  burning,  solid- 
propellant  motors.  Nozzleless  rocket  motors  recently  have 
attracted  considerable  interest  because  they  offer  significant 
econom  .  advantage  over  more  conventional  motors.  Noz¬ 
zleless  ocket  motors  have  low  port-to-throat  area  ratios  in 
which  the  gas  velocity  reaches  sonic  and  supersonic  speeds 
over  the  propellant  surfaces,  leading  to  the  extremely  serious 
problem  of  erosive  burning. 

In  the  past,  the  problem  of  erosive  burning  has  been  in¬ 
vestigated  by  various  methods,  as  reported  in  literature 
reviews  by  Kuo  and  Razdan,1  and  King.5  Existing  theories  on 
erosive  burning,  in  general,  can  be  divided  into  three  distinct 
classes,  depending  upon  whether  the  theory  is  based  on  1)  a 
phenomenological  heat-transfer  theory  that  does  not  take  into 
account  chemical  reactions  and/or  flame  structure,  2)  a  flame 
theory  based  on  a  description  of  combustion  mechanisms 
and/or  flame  structure,  or  3)  an  aerothermochemical  analysis 
that  includes  the  consideration  of  heat,  mass,  and  momentum 
transfer  in  a  chemically  reacting  boundary  layer. 

Among  phenomenological  heat-transfer  theories,  the 
Lenoir-Robillard  tl.cuiy’  is  leferred  to  most  often.  The 
essence  of  this  theory  is  that  erosive  burning  rate  is  propor¬ 
tional  to  the  forced  convective  heat-transfer  coefficient. 
Representative  work  on  erosive  burning  based  on  flame 
theory  has  been  reported  by  Vandenkerckhove,4  who  con¬ 
sidered  the  flame  structure  and  the  mechanism  of  solid  phase 
decomposition  in  a  double-based  solid  propellant.  King5  has 
developed  a  model  for  the  erosive  burning  of  composite 
propellant,  based  on  the  assumption  that  the  crossflow  of 
gases  bends  the  diffusion  flame,  thus  bringing  the  heat  release 
zone  closer  to  the  propellant  surface. 

The  erosive  burning  theory  based  on  the  boundary-layer 
approach  was  first  reported  in  the  early  work  of  Corner/ 


who  used  the  Prandtl-Karman  boundary-layer  theory  to 
describe  the  flowfield.  Tsuji,1  Razdan,8  and  Schuyler  and 
Torda9  analyzed  the  problem  by  considering  a  laminar 
boundary  layer  over  the  propellant  surface.  However,  it  must 
be  noted  that  the  flow  in  an  erosive  burning  situation  is 
normally  turbulent.  Lengelle10  used  the  integral  solutions  of 
turbulent  boundary-layer  equations  in  combination  with  a 
diffusion  flame  theory  to  develop  his  model.  Beddini"  has 
used  a  multiequation  turbulence  closure  model  to  solve  the 
boundary-layer  problem.  He  considered  the  combustion  of 
hemogeneous  propellants. 

Although  there  are  differing  emphases  in  various  ap¬ 
proaches  to  solving  the  problem  of  erosive  burning,  the  most 
realistic  analysis  must  consider  the  interaction  between  flame 
zone  structure  and  the  flowfield.  In  this  paper,  such  an  in¬ 
teraction  is  considered  through  an  aerothermochemical 
analysis  of  the  problem,  which  includes  the  consideration  of 
heat,  mass,  and  momentum  transfer  in  a  chemically  reacting 
turbulent  boundary  layer.  The  development  of  the  current 
model  is  based  on  the  combustion  of  the  most  commonly  used 
ammonium  perchlorate  (AP)  composite  propellants  and  is, 
therefore,  limited  to  these  types  of  heterogeneous  propellants. 

Most  of  the  successful  strand-burning  models l2'15  of 
composite  solid  propellants  consider  the  dominant  effect  of 
oxidizer-fuel  (0/F)  diffusion  flame  on  the  burning  rate  of  the 
propellant.  At  normal  rocket  pressures  (in  the  order  of  100 
atm),  the  pressure  dependence  of  the  burning  rate  of  a 
composite  propellant,  as  pointed  out  by  Steinz  et  al., 12  is 
brought  about  through  the  diffusion  flame.  Steinz  et  al.  also 
note  that  the  scale  of  unmixedness,  as  it  affects  the  diffusion 
flame,  is  an  important  aspect  of  the  burning  process.  In  the 
presence  of  a  flowfield,  it  is  this  diffusion  flame  that  interacts 
with  the  turbulent  crossflow  of  gases  and,  therefore,  affects 
the  heat  flux  to  the  propellant  surface  and  the  burning  rate. 
Figure  I  clearly  illustrates  this  point.  The  plot  is  based  on  the 
experimental  data  of  Refs.  5  and  14.  The  erosive-burning  data 
for  various  l>eestream  velocities  was  taken  from  King's 
work/  With  known  blowing  rates  and  freestream  velocities, 
the  corresponding  friction  coefficient  was  obtained  from 
Simpson  and  MacQuaid’s  data  reported  in  Ref.  14.  The  data 
on  friction  coefficient  are  also  available  from  earlier  work  by 
Mickley  and  Davis. 15  However,  the  crossflow  velocities  in 
their  work  were  quite  low  (about  18  m/s)  and  their  data  are 
correlated  with  (vH/UK),  rather  than  the  conventional  mass 
blowing  parameter  ipv) ,/ (pU)  Figure  1  shows  that  the 
domain  of  turbulence  is  very  close  to  the  propellant  surface 
and  that  it  interacts  with  the  diffusional  reaction  zone,  which 
is  about  20-100  gm  from  the  propellant  surface.  Makunda’s16 
calculations  also  show  that  the  flame  zone  is  in  the  turbulence 
region  of  the  flowfield.  With  increasing  crossflow  velocities, 
the  domain  of  turbulence  comes  closer  to  the  propellant 
surface  (see  Fig.  1)..  It  is  clear  that  the  diffusion  flame  is  in  a 
region  where  the  turbulence  cannot  be  ignored. 

The  objectives  of  the  present  study  are:  1)  to  formulate  a 
theoretical  model,  based  on  an  aerothermochemical  analysis 
of  the  erosive  burning  problem  of  composite  solid 
propellants,  which  considers  the  heat  mass,  and  momentum 
transfer  in  a  chemically  reacting  turbulent  boundary  layer;  2) 
to  solve  the  theoretical  model  and  to  study  the  effects  of  gas 
velocity,  pressure,  and  propellant  physicochemical  charac¬ 
teristics  on  the  erosive  burning  rate  of  a  composite  solid 
propellant;  and  3)  to  test  the  validity  of  the  theoretical  model 
by  comparing  the  predicted  erosive  burning  rates  with  ex¬ 
perimental  data. 

II.  Analysts 

A.  Description  of  the  Physical  Model 

The  physical  model  considered  in  the  theoretical  analysis 
consists  of  a  flat  plate  with  a  fixed  leading  edge  as  shown  in 
Fig.  2.  A  two-dimensional  propellant  slab  glued  to  the 
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Fig.  1  Effect  of  freestream  velocity  on  the  domain  of  turbulence 
near  a  propellant  surface. 


Two-Dimensional 


Fig.  2  Physical  model  considered  in  the  theoretical  formulation. 
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In  arriving  at  Eqs.  (2-4),  we  have  used  the  following  models 
for  various  correlations^ 

1)  Reynolds  stress  u’v'  is  related  to  eddy  viscosity  by  the 
following  equation20: 


du 


-pu  v  =  p,~ 


(6) 


2)  Velocity  density  correlation  has  been  modeled  using 
Boussinesq  approximation20  as: 


— t  Mi  dp 

p  u  —  ——  — 
C  p  dx 


(7) 


Mass  transfer  by  turbulent  diffusion  ( pv ) '  Y’t,  and  heat 
transfer  by  turbulent  diffusion  (pv)  'h^,  are  modeled  by  using 
Reynolds’  analogy: 


i 


leading-edge  element  is  ignited  by  the  hot  combustion  gas  in 
the  freestream,  which  forms  a  turbulent  boundary  layer  over 
the  burning  surface  of  the  propellant.  The  boundary  layer  is 
considered  to  be  quasisteady,  two-dimensional,  and 
chemically  reacting. 

B.  Conservation  Equations 

To  foimulate  the  theoretical  model,  one  begins  with  the 
general  conservation  equations  for  -  reacting  compressible 
fluid  fiow.  In  these  equations,  each  instantaneous  variable  is 
replaced  by  its  mean  and  fluctuating  part  (this  is  the  well- 
known  Reynolds’  decomposition  procedure),  and  all 
equations  are  time  averaged. 17  The  following  assumptions  are 
then  introduced  into  these  equations:  1)  the  averaged  flow 
properties  arc  steady;  2)  the  mean  flow  is  two  dimensional;  3) 
for  a  flow  of  Mach  number  of  order  one, 


p'  (du' /dy)  <p(du/dy)  and  p'u'v'  <pu'v' 

(according  to  Laufer18  the  density  fluctuations  have  a 
kinematic  rather  than  a  dynamic  effect  on  the  turbulence);  4) 
there  is  no  reaction-generated  turbulence19;  5)  the  Lewis 
number  s  unity;  and  6)  Fick’s  law  of  binary  diffusion  is  valid. 

Following  the  regular  procedure  for  order-of-magnitude 
analysis,  dominant  terms  in  the  time-averaged  equations  are 
retained  to  give  the  final  form  of  the  two-dimensional,  steady- 
state,  boundary-layer  equations  for  a  reactive  turbulent 
compressible  flow  (see  Ref.  17  for  details).  These  equations 
for  the  conservation  of  mass,  momentum,  species  and  en¬ 
thalpy,  and  the  equation  of  state  are: 

^-{pu)+~{pv')=0  (1) 

dx  dy 

where  pv"  =pv  +  p'v'. 


-  ( pv v  y;  = 


Sc,  dy  ’ 


~(pv)’h’K  = 


Mi  dhk 
Pr,  dy 
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A  two-equation  turbulence  model,20  in  which  the  tur¬ 
bulence  is  assumed  to  be  characterized  by  its  kinetic  energy  K 
and  its  dissipation  rate  e,  has  been  employed  for  the  closure  of 
the  present  problem.  In  addition  to  the  governing  equations, 
Eqs.  (1-5),  two  additional  equations  for  K  and  e  are  required. 
The  K  equation17  for  a  steady,  two-dimensional,  boundary- 
layer  flow  is: 
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The  exact  form  of  the  e  equation  for  a  reacting  flow  is  very 
difficult  to  model,  because  of  the  appearance  of  correlations 
involving  fluctuating  velocity  gradients  and  density  fluc¬ 
tuations.  We  use  the  form  of  t  equation  as  applicable  to 
uniform  property  flow.20  However,  we  modify  it  by  retaining 
the  full  expression  for  production  of  K,  which  comprises  the 
second  term  in  square  brackets  on  the  right-hand  side  of  Eq. 
(9).  This  practice  has  been  followed  with  good  success  in 
reacting  flows. 2I'24  The  t  equation17  for  a  steady,  two- 
dimensional,  boundary-layer  flow  is: 


(10) 
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The  turbulent  viscosity  Pl  is  related  to  K  and  t: 


where  C is  a  constant.  The  model  of  Eq.  (1 1)  has  been  used 
widely  with  considerable  success. 2024 


C.  Modeling  of  Gas-Phase  Chemical  Reactions 
The  set  of  equations  (1-5)  and  (9)  and  (10),  with  appropriate- 
boundary  conditions,  can  be  solved,  provided  o>,  in  Eq.  (3)  is 
known.  When  a  composite  solid  propellant  burns,  solid  fuel 
and  oxidizer  particles  transform  into  gases.  Thi  gases  may 
react  in  several  steps.  However,  in  the  present  work,  the 
following  global  single-step-forward  chemical  reaction  is 
assumed: 


reciprocal  of  the  eddy  time  scale  characterized  by  t./K. 

l)F<x-p\fgF((/K)  (14) 

Equation  (14)  can  be  used,  provided  gF  is  known.  The  con¬ 
servation  equation  for  gF  can  be  solved;  however,  we  have 
simplified  the  analysis  by  assuming  the  production  and 
dissipation  terms  of  the  gF  equation  to  be  dominant.  This 
assumption  is  particularly  good  in  the  near-wall  region,  which 
in  the  current  problem  is  the  important  region  in  which  most 
of  the  chemical  reactions  take  place.  Therefore,  when 
equating  the  production  and  dissipation  terms  of  the  gF 
equation  (see  Ref.  20),  we  arrive  at 

Mi  K  ( d jV \ 2  /.c\ 

From  Eqs.  (11),  (14),  and  (15),  we  finally  get 


vfF+v00—vpP  (12) 

where  O  and  F  represent  the  oxidizer  and  the  fuel  gases, 
respectively,  and  P represents  the  product  gases. 

The  possible  expression  for  the  instantaneous  global 
reaction  rate  is: 

»'*>•’*  (13) 

(k  -  O.  F,  and  specific  reaction  rate  constant  ks  is  given  by  the 
Arrhenius  law  k,=At  exp[-£  //?„ 71).  The  time  averaging 
of  Eq.  (13)  represents  one  of  the  central  difficulties  of 
combustion  modeling.  One  can  replace  the  exponential  term 
by  its  series  expansion,  thereby  introducing  correlations  such 
as  Y'0Y'f,  Y'fT',  Y'0T' ,  T'2,  etc.  Additional  conservation 
equations  must  be  solved  for  these  correlations;  this 
procedure,  however,  reduces  the  economy  significantly  and 
introduces  more  empiricism  into  the  model. 

One  other  approach,  first  proposed  by  Spalding,25  is  the 
eddy-breakup  (EBU)  model.  In  this  model  it  is  proposed  that 
the  gases  in  a  turbulent  flame,  at  high  Reynolds  numbers, 
should  be  considered  as  lumps  or  eddies  of  unburned  and 
fully  burned  gas.  Spalding  assumed  that  the  rate  of  burning 
depended  upon  the  rate  at  which  fragments  of  unbuined  gas 
(eddies)  were  broken  into  still  smaller  fragments  by  the  action 
of  turbulence,  and  that  this  rate  was  considered  to  be 
proportional  to  the  rate  of  decay  of  turbulence  energy. 
Spalding’s  initial  version  of  the  EBU  model  was  based  on  the 
mixing-length  hypothesis,25  and  Mason  and  Spalding24  in¬ 
troduced  the  EBU  model  based  on  the  two-equation  model  of 
turbulence  to  solve  the  problem  of  confined  turbulent  flames. 
The  use  of  the  EBU  model  for  diffusion  flames  has  been 
discussed  by  Lockwood26;  Magnussen  and  Hjertager27  have 
used  the  EBU  model  for  predicting  soot  formation  in  a  dif- 


ll6) 

where  Cu  is  a  constant.  Equation  (16)  is  used  along  with  Eq. 
(3)  to  solve  species  distribution  in  the  gas  phase.  It  should  be 
recognized  that  the  reaction  rate  represented  by  Eq.  (16)  has 
some  limitations.  First,  it  is  assumed  that  the  rate  of  chemical 
kinetics  is  very  fast,  i.e.,  the  reaction  is  diffusion  limited.  This 
assumption  is  particularly  valid  for  gaseous  reactions  taking 
place  under  high  pressures,  such  as  those  which  exist  in  actual 
rocket  situations.  Second,  the  use  of  Eq.  (16)  is  limited  to 
turbulent  boundary-layer  flows.  The  primary  reason  for 
limiting  the  current  study  of  erosive  burning  to  turbulent 
boundary-layer  flows  is  that  the  flowfield  developed  over 
most  of  the  solid  propellant  grain  in  a  practical  rocket  motor 
is  turbulent. 1628  It  is  believed  that  the  limitations  of  the 
current  analyses  to  actual  rocket  motor  situations  are  far  less 
severe  than  those  analyses  which  have  been  limited  to  laminar 
boundary-layer  flows.79  Further,  the  application  of  Eq.  (16) 
to  a  turbulent  boundary-layer  flow  is  more  appropriate  than 
the  Arrhenius  reaction  rate  law  [Eq.  (13)},  which  uses  the 
average  temperature  and  neglects  various  turbulence 
correlations.  When  various  turbulence  correlations  in  the 
Arrhenius  reaction  rate  law  are  neglected,  significant  errors 
may  appear  in  the  calculations  of  reaction  rates,  as  noted  by 
Lockwood.26 

It  may  be  noted  that  the  species  conservation  equations  are 
solved  for  Yr  and  Y0Fs[Y0-  {v0W0/vFWF)  fF].  The  choice 
of  the  latter  variable,  with  the  assumption  of  Eq.  (12), 
eliminates  the  nonlinear  source  term  in  the  equation  for  this 
variable.  No  separate  conservation  equation  is  needed  for  YP, 
which  is  defined  as  ( 1  -  Y0  -  YF ) . 


fusion  flame.  The  EBU  concept  can  be  used  to  model  the  gas- 
phase  reaction  rate  for  the  erosive-burning  problem,  in  which 
the  fuel  and  oxidizer  gases  are  unmixed  as  they  emerge  from 
the  propellant  surface.  The  presence  of  the  high-lateral  shear 
in  the  boundary  layer  forms  the  turbulent  eddies.  It  is 
reasonable  to  assume  that  these  eddies  engulf  fuel  and 
oxidizer  gases,  giving  rise  to  oxidizer  and  fuel  eddies.  Further 
justification  for  assuming  the  existence  of  fuel  eddies  comes 
from  the  GDF  theory, 12  according  to  which  the  gaseous  fuel 
emerges  as  pockets  (eddies)  from  the  burning  composite 
propellant  surface. 

We  might  then  follow  the  EBU  concept  and  also  the 
arguments  of  Lockwood26:  in  a  diffusion  controlled  reaction, 
the  rate  of  consumption  of  fuel  is  proportional  to  the  rate  of 
dissipation  of  the  fuel-containing  eddies,  as  characterized  by 
the  rate  of  diminution  of  the  energy  of  the  fluctuations.  gF  ■ 
Y'  £.  This  rate  can  be  equated  to  the  rate  of  suppiy  of  energy 
from  the  large-scale  motion,  which  can  be  taken  as 
proportional  to  the  quantity  of  energy  involved  and  to 


D.  Heat  Conduction  Equation  in  the  Solid  Phase 
It  is  assumed  that  the  heat  conduction  into  the  solid 
propellant  is  dominant  in  a  direction  normal  to  the  burning 
surface.  In  a  coordinate  system  attached  to  the  burning 
surface,  the  temperature  distribution  in  the  solid  propellant, 
at  a  given  .v  location  along  the  surface,  is  governed  by: 

K^f-PsC^  -oo<  y£0  (17) 


E.  Burning  Rate  Equation 

Burning  rate  of  a  solid  propellant  is  a  function  of  the 
surface  temperature,  and  can  be  expressed  by  the  Arrhenius 
law  of  surface  pyrob’sis: 


(18) 
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It  is  the  surface  temperature  Tp!  which  provides  the  link 
between  the  burning  rate  and  the  gas  dynamics.  The  surface 
temperature  depends  on  the  heat  flux  from  gas  to  solid  phase, 
and  the  heat  flux  is  evaluated  by  solving  the  gas-phase  con¬ 
servation  equations. 

F.  Boundary  Conditions 

To  complete  the  formulation  of  the  theoretical  model, 
boundary  conditions  must  be  specified  at  the  solid-gas  in¬ 
terface  as  well  as  at  the  freestream.  The  interface  mass  and 
energy  balance  are  obtained  by  considering  the  flux  balance  at 
the  solid-gas  interface.  The  mass  balance  equations  can  be 
written  as: 


(pb  Y0)  „  —Psrt>Yos~ 

K&" 

(19) 

[pvYF)„-plrbYPS-\ 

(*>£)-• 

(20) 

First  and  second  terms  of  the  preceding  equations  represent, 
respectively,  the  component  k  ( =  0  or  F)  transported  away 
from  the  interface  by  the  normal  velocity  in  the  gas  phase  and 
in  the  vaporizing  solid  phase.  The  third  term  represents  the 
component  k  transported  from  the  gas  to  the  solid  by  dif¬ 
fusion.  The  energy  balance  equation  is  written  as: 

37*  I  3  7*  I 

I  =X3r  I  (21) 

In  Eq.  (21),  the  term  on  the  left-hand  side  represents  the  net 
heat  flux  to  the  solid  propellant;  on  the  right-hand  side,  the 
first  term  represents  the  heat  flux  from  the  gas  to  solid  sur¬ 
face,  and  the  second  term  represents  the  net  heat  release  at  the 
surface.  Subscripts  (-)  and  (  +  )  represent,  respectively,  the 
solid  and  gas  side  of  the  sohd-gas  interface. 

Following  Levine  and  Culick,29  the  ne<  heat  release  at  the 
surface,  per  unit  mass  (equal  to  the  difference  between  the 
enthalpies  of  the  gas  and  solid  on  their  respective  sides  of  (he 
interface),  can  be  expressed  as 

Q,  ( Tps)  =/t»+  -  .  =  Q,  +  (C,  -  C.)  (T„  -  tps )  (22) 

where  Q%  is  the  net  surface  heat  release  (negative  for 
exothermic  reactions)  at  a  reference  surface  temperature  Tps. 

By  integrating  Eq.  (17)  from  v=  -oo,  where  Tp  =  Tpn  and 
>’  =  0,  where  Tp=Tpi,  and  using  the  result  along  with  Eq.  (22) 
in  Eq.  (21),  we  find 

dT  i 

I  =Pirb[CPTpi  -CyTpl  +  QS  +  (Cs  -Cp)  T ps)  (23) 

0} 

Boundary  conditions  for  K  and  e  are  applied  near  the  wall 
rather  than  at  the  wall.  Near  a  wall,  production  and 
dissipation  terms  in  the  K  equation  are  equated  (a  reasonable 
approximation  in  this  region);  therefore, 


Turbulent  viscosity  n,  close  to  the  wall  is  calculated  from  van 
Driest ’s  formula.20 


n,=p(kVy)!  -  (25) 

dy 

The  damping  coefficient  D  is  given  by 

»  =  f-cxp(- j~)  +cxp(-  (26) 


where  r  is  the  local  stress,  A  *  is  a  constant,  and  Rh  is  the 
average  roughness  height.  Equation  (25)  is  particularly  useful 
to  include  the  effects  of  surface  roughness  on  erosive  burning. 
From  Eqs.  (1 1),  (24),  and  (25),  we  find  expressions  for  K  and 
c,  as 


„  0<£>y)2 
K-  VC. 

(27) 

. 

du  it 

e=  (W3y)2 

(28) 

The  primary  reason  for  choosing  this  procedure  for  the 
boundary  conoition  of  K  and  e  is  that  the  models  of  various 
turbulence  correlations  in  the  development  of  K  and  e 
equations  are  inappropriate  near  a  wall.  This  fact  is  widely 
recognized  by  researchers  in  the  area  of  the  field  of  tur¬ 
bulence,  20-31  and  there  is  no  unique  method  to  avoid  this 
difficulty.  Jones  and  Launder32  have  proposed  some 
modifications  in  the  K  and  e  equations.  However,  the 
solutions  of  modified  K  and  e  equations  have  not  been  tested 
widely  with  experimental  data;  consequently,  the  universality 
of  the  additional  empirical  constants  introduced  in  modified 
K  and  t  equations  has  not  been  tested.  The  near-wall  treat¬ 
ment  of  the  K  and  e  equation  presented  in  the  current  analysis 
is  somewhat  similar  to  that  of  Chambers  and  Wilcox.31  It 
may  be  noted  that  the  boundary  conditions,  Eqs.  (27)  and 
(28),  give  the  values  of  K  and  t  consistent  with  their 
distributions  in  the  near-wall  region;  this  becomes  apparent 
when  one  uses  the  log  law  of  the  wall  for  velocity  in  these 
equations  (sec  Refs.  20  and  31).  It  may  also  be  noted  that 
Omon,3'  in  his  calculations  of  the  boundary  layer  in  a  rocket 
motor,  has  also  considered  two  separate  regions  of  the 
boundary  layer,  viz.,  the  viscous  sublayer  region  close  to  the 
wall  and  the  wake  region.  Omori  used  a  K-( model 20  in  solving 
his  problem,  and  in  the  near-wall  region,  he  used  the  modified 
van  Driest  correlation  to  specify  the  eddy  viscosity 
distribution. 

Other  boundary  conditions  which  are  considered  in  the 
mode!  are: 

At  the  wall: 

u  =  0,  v=psrh/pH  f=Tp<  (29) 

At  the  freestream: 

H  =  um.  t  =  Tm.  y>  =  y0  =  0,  d~-  =  ~  =  0  (30) 

ay  dy 

Governing  Eqs.  (1-5),  (9),  and  (10),  with  boundary  con¬ 
ditions,  Eqs.  (18-20),  (23),  and  (27-30)  complete  the 
theoretical  formulation.  The  system  of  partial  differential 
equations  is  parabolic  in  nature  and  is  solved  numerically. 

HI.  Numerical  Procedure  and  Results 

A.  Numerical  Procedure 

A  number  of  numerical  techniques  exist  in  literature  to 
solve  parabolic  partial-differential  equations.  Several 
researchers2124  have  used  the  numerical  technique  propo  .ed 
by  Patankar  and  Spalding34;  the  same  numerical  procedure  is 
followed  in  this  study  (see  Ref.  17  for  details). 

About  half  of  the  100  cross-stream  intervals  employed  were 
distributed  within  10%  of  the  boundary-layer  thickness, 
where  the  dependable  variables  change  rapidly.  The  forward 
step  size  along  the  x  direction  is  variable  and  was  set  at  0.3 
times  the  boundary-layer  thickness.  Iterations  of  the  boun¬ 
dary-layer  solutions  were  found  necessary  to  obtain  a  good 
convergence  on  the  surface  temperature.  The  maximum 
al'owable  percentage  error  in  the  convergence  of  the  surface 
temperature  was  set  equal  to  0.0 1 . 
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Table  1  Properties  used  in  theoretical  calculations 


Propellant  type 


Property 

(dimensions) 

AP,  75% 

PBAA/EPON,  25% 

AP,  65% 
Polysulfide, 
35% 

a 

(psia/ir../s) 

230 

0 

(m/s) 

26171  @p=  100  atm 

25289© 
p  =  lOOatm 

A  + 

— 

26  (Ref.  30) 

26 

b 

(psia 1/3  /in./s) 

34.5 

41.85 

cs 

(kcal/kg-K) 

0.38 

0.38 

CP 

(kcal/kg-K) 

0.3 

0.3 

£« 

(kcai/mole) 

30 

30 

(keal/kg) 

55.93 

-0.42 

Ahy0 

(keal/kg) 

-942.0 

-936.6 

Ah}p 

(keal/kg) 

-1137.3 

-  1310.5 

i 

— 

0.41 

0.41 

Pr 

— 

(Svehla’seq.)35 
y/(  1.77  y -0.45) 

sameeq. 

P„ 

— 

0.9  (Ref.  36) 

0.9 

Qs 

(keal/kg) 

-166  (Ref.  12) 

-240 
(Ref.  35) 

Sc 

— 

0.7078 

0.7078 

Sc, 

— 

0.9 

0.9 

1b, 

(K) 

298 

298 

(K) 

800 

800 

WF 

(kg/kmole) 

30 

30 

»'o 

(kg/kmole) 

2;  893 

27.949 

Wp 

(kg/mole) 

20.38  i 

25.69 

— 

0.25 

0.35 

Yos 

— 

0  75 

0.65 

7 

— 

1.26 

1.26 

X 

(kcal/m-s-K) 

Cpfi/Pr 

same  eq. 

H 

(kg/m-s) 

8.7xl0-Vf VtT06' 

(Ref.  35) 

same  :q 

VF 

(kmolc) 

1 

i 

“O 

(kmolc) 

3.2266 

1.9935 

VP 

(kmole) 

5.888 

3.3366 

Ps 

(kg/m3) 

1600 

1660 

Table  2  Constants  used  in  turbulence  modeling 


Constants 

c, 

c> 

c4 

C. 

c. 

Values 

1.0 

1.3 

1.57 

2.0 

0.18 

0.09 

1.0 

Reference 

source 

20-22 

20-22 

21 

22 

24 

20-22 

21 

B.  Results  and  Discussion 

Solutions  were  obtained  for  two  types  of  composite 
propellant  compositions:  1)  ammonium  perchlorate  (75%) 
and  PBAA/EPON  (25%),  and  2)  ammonium  perchlorate 
(65%)  and  polysulfide  (35%).  The  various  physical  properties 
used  in  the  calculations  are  given  in  Table  1,  and  the  values  of 
the  constants  used  in  the  turbulence  modeling  are  given  in 
Table  2. 

It  is  worthwhile  to  draw  attention  to  the  procedures 
followed  in  obtaining  some  of  the  properties  used  in  Table  1, 
especially  in  the  case  of  those  parameters  associated  with  the 
global  single-step-forward  reaction.  The  products  generated 
from  the  AP  primary  flame  (A/PA  flame)  due  to  the  chemical 
reaction  between  NH3  and  HC104  are  considered  to  form  the 
equivalent  oxidizer  gas  represented  by  the  symbol  [O]  in  the 
global  reaction.  The  primary  flame  is  assumed  to  be  collapsed 
on  (he  propellant  surface.  The  calculations  of  Steinz  et  al.12 
demonstrate  that  in  the  burning  of  a  composite  propellant  at 


normal  rocket  pressures,  the  A/P  flame  is  so  thin  (-1  pm) 
compared  to  the  oxidizer  particle  size  and  the  O/F  flame 
thickness  that  it  may  be  considered  to  occur  at  the  regressing 
propellant  surface,  merely  depositing  its  heat  there  as 
gasification  takes  place.  The  GDF  model12  considers  the 
effect  of  A/PA  flame  on  the  burning  rate  of  a  composite  solid 
propellant  when  pressure  is  less  than  10  atm.  However,  under 
normal  rocket-motor  pressure  ranges  (a  typical  rocket-motor 
pressure  is  around  100  atm),  the  dependence  of  the  burning 
rate  on  pressure  comes  from  the  O/F  diffusion  flame  of  the 
AP  composite  propellant.  Because  the  current  erosive-burning 
model  is  not  designed  for  unrealistically  low  pressures,  the 
assumption  of  collapsed  A/PA  flame  is  therefore  a 
reasonable  one.  The  exothermic  heat  of  formation  of  the 
equivalent  oxidizer  gas  is  obtained  from  the  thermochemistry 
calculation  using  the  CEC72  program. 37  The  inputs  necessary 
for  this  calculation  are  the  heat  of  formation  of  the  solid  AP 
and  the  gas  pressure.  This  calculation  also  gives  the  average 
value  of  the  molecular  weight  of  the  equivalent  oxidizer  gas. 

It  is  assumed  that  the  equivalent  gaseous  fuel,  represented 
by  the  symbol  [F ),  is  formed  by  the  ablation  of  the  solid  fuel- 
binder  due  to  random  scission/systematic  unzipping  of  the 
polymer  chain,  as  discussed  in  Ref.  12.  The  heat  of  formation 
of  the  equivalent  fuel  gas  was  calculated  from  the  difference 
between  the  heat  of  formation  of  the  solid  fuel  binder  and  the 
heat  of  decomposition.  The  heat  of  formation  of  the 
equivalent  piodict  gases,  represented  by  symbol  [P ),  is 
obtained  from  the  overall  thermochemistry  calculation  of  AP 
and  fuel-binder  combustion.  The  average  molecular  weight  of 
the  product  gases  is  also  determined  from  this  calculation. 
The  stoichiometric  coefficient  v0,  vF,  and  vp  are  determined 
from  the  mass  balance  of  the  global  reaction  for  a  given 
propellant  of  known  initial  oxidizer-to-fuel  ratio. 

The  procedure  used  to  calculate  the  pre-exponential  factor 
in  the  Arrhenius  law  of  surface  pryolysis  As  is  as  follows:  For 
a  particular  propellant,  the  strand  burning-rate  law  is 
assumed  to  be  known.  Using  this  law,  the  value  of  rbg  at  a 
pressure  of  30  psi  can  be  determined.  At  this  pressure,  the 
measured  surface  temperature  is  known12'38;  therefore,  with 
known  rb0,  Tps,  and  Eas,  Eq.  (18)  is  used  to  evaluate  As. 

Figure  3  shows  the  calculated  distributions  of  turbulent 
kinetic  energy,  Reynolds  stress,  and  velocity  in  the  chemically 
reacting  turbulent  boundary  layer  considered  over  the 
propellant  surface.  The  peak  turbulent  kinetic  energy  is 
located  farther  from  the  wall  than  that  in  a  conventional  flat- 
plate  turbulent  boundary,  due  to  the  strong  surface  blowing 
rates  caused  by  the  burning  of  the  solid  propellant.  Calculated 
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Fig.  3  Calculated  distributions  of  turbulent  kinetic  energy,  Reynolds 
stress  and  velocity. 
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Fir.  4  Calculated  temperature  distributions  for  different  freestream 
velocities. 


Distance  from  Propellant  Surface,  y,  lirr 

Fig.  5  Calculated  distribution  of  oxidizer  and  fuel  mass  fractions, 
and  the  rate  of  heat  generation  in  the  gas  phase  close  to  (he  propellant 
surface. 


temperature  distributions  for  different  freestream  velocities 
are  shown  in  Fig.  4.  The  temperature  rises  rapidly  from  its 
value  at  the  propellant  surface  and  gradually  approaches  the 
freestream  gas  temperature  at  the  edge  of  the  boundary  layer. 
The  rapid  rise  from  the  surface  is  caused  by  the  chemical 
reactions  occurring  in  the  gas-phase  region  close  to  the 
propellant  surface  as  illustrated  in  Fig.  5,  which  shows  the 
calculated  distribution  of  the  rate  of  heat  generation  in  the  gas 
phase.  Figure  5  also  shows  the  distiibutions  of  the  oxidizer 
and  fuel  mass  fractions  which  drop  to  very  small  values  in  a 
region  close  to  the  propellant  surface,  due  to  the  higher  rate  of 
reaction  of  this  region. 

The  temperature  gradient  becomes  steeper  (higher  gas-to- 
soltd  heat  flux)  at  the  surface  as  the  freestream  velocity  in¬ 
creases  (see  Fig.  4).  This  is  expected  because  the  higher  the 
level  of  turbulent  intensity,  the  higher  the  chemical  reactions 
in  the  gas  phase.  This  effect  can  be  seen  from  the  results 
plotted  in  Figs.  6  and  7.  The  results  of  Fig.  6  show  that  the 
increase  in  freestream  velocity  brings  the  'ocation  of  the  peak 
turbulent  intensity  closer  to  the  propellant  surface.  This  has  a 
significant  effect  on  the  flowfield  near  the  propellant  surface. 
The  closeness  of  the  peak  turbulence  intensity  to  propellant 
surface  means  that  the  turbulent  eddies  with  high  frequencies 
also  come  closer  to  the  propellant  surface.  This  causes  an 


Frec-Stream  Velocity,  U  ,  m/s 

Fig.  6  Effect  of  freestream  velocity  on  the  location  of  the  peak 
turbulent  intensity  from  propellant  surface  and  the  subsequent  effect 
on  erosive  burning  rate. 


Free  Stream  Velocity,  U^,  m/s 

Fig.  7  Effect  of  freestream  velocity  on  the  peak  value  of  heat 
generation  rate  in  gas  phase  and  its  location  from  propellant  surface. 


increase  in  the  mixing  rate  of  oxidizer  and  fuel  species, 
therefore  increasing  the  gas-phase  reaction  rate  and  bringing 
it  closer  to  the  propellant  surface.  The  results  plotted  in  Fig.  7 
show  that  the  peak  value  of  the  heat  generation  rate  in  the  gas 
phase,  due  to  chemical  reactions,  increases  with  increasing 
velocity,  and  the  location  of  this  peak  comes  closer  to  the 
propellant  surface.  Therefore,  the  increased  heat  flux 
eventurdly  increases  the  erosive  burning  augmentation  factor 
(rfr/rsp)>  as  shown  in  Fig.  6. 

It  may  be  noted  that  for  any  (/„,  the  location  of  the  peak 
value  of  K  (Fig.  6)  is  farther  away  from  the  propellant  surface 
than  the  location  of  the  maximum  value  of  Qr  (Fig.  7).  This, 
however,  does  not  mean  that  the  turbulence  has  negligible 
influence  in  the  gaseous  reactions  in  a  region  where  the 
reaction  rate  is  maximum  (corresponding  to  maximum  Qr). 
For  example,  present  calculations  (for  (/„  =  400  m/s)  show 
that  n,  in  this  region  is  more  than  10  times  the  value  of  #t. 
Therefore,  there  is  a  strong  effect  of  turbulence  in  this  region, 
even  though  the  peak  value  of  K  is  away  from  this  region.  It  is 
clear  from  Eq.  (16)  that  the  reaction  rate  is  influenced  not 
only  by  the  level  of  K,  but  also  by  the  gradient  f/.  which  is 
steeper  near  the  propellant  surface.  Thus  the  maximum 
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0  5  10  15  20 

Roughness  Height,  R^,  lim 

Fig.  8  CompulvJ  erosive  burning  rate  augmentation  factor  showing 
the  effect  of  propellant-surface  roughness  height  at  different 
freestream  velocities. 


Frec-Stream  Velocity ,  U^,  o/s 

Fig.  9  Comparison  of  the  predicted  erosive  burning  rates  with  the 
experimental  data  of  Marklund  and  Lake.39 


reaction  rate  region  is  much  closer  to  the  propellant  surface 
than  the  location  of  peak  turbulence  intensity. 

The  turbulent  nature  of  the  flowfield  over  the  propellant 
surface  contributes  in  two  important  ways  to  the  erosive 
burning  situation.  First,  it  enhances  the  diffusional  mixing  of 
the  fuel  and  oxidizer  gases,  bringing  the  gas-phase  reaction 
zone  and  the  heat-release  zone  closer  to  the  propellant  surface 
as  the  freestream  velocity  increases.  Second,  the  rate  of  heat 
transfer  to  the  propellant  surface  is  increased  because  the 
turbulence  increases  transport  coefficients  of  the  gas  phase. 
The  ove  all  effect  of  turbulence,  therefore,  is  to  enhance  heat 
feedback  which,  in  turn,  increases  the  burning  rate  of  a 
propellant  as  shown  in  Fig.  6. 

Figure  8  demonstrates  the  effect  of  surface  roughness  on 
the  augmentation  factor  for  different  freestream  velocities. 
As  the  roughness  height  increases,  the  augmentation  factor 
also  increases.  This  is  to  be  expected  since  roughness  aids  the 
fuel  and  oxidizer  mixing  process,  because  of  increased  tur¬ 
bulent  activity  closer  to  the  propellant  surface.  However,  the 
effect  of  roughness  diminishes  for  lower  freestream  velocities. 
This  is  because  the  viscous  sublayer  thickness  increases  at  low 
velocities,  submerging  the  roughness  elements  in  the  sublayer 


Frej-Streara  Velocity,  U^,  m/s 

Fig.  10  Effect  of  normal  burning  rate  on  the  erosive  burning  rate 
augmentation  factor. 


and,  therefore,  lessening  their  effect  on  the  erosive  burning 
process. 

Figure  9  shows  the  predicted  erosive  burning  rates  for 
AP/polysulfide  propellant,  and  the  results  are  compared  with 
the  experimental  data  of  Marklund  and  Lake.39  The  results 
were  computed  at  the  same  Reynolds  number  as  in  the  ex¬ 
periments  described  in  Ref.  39.  The  effect  of  freestream 
velocity  on  total  burning  rate  is  compared  at  two  pressures  of 
100  and  50  atms.  Total  burning  rate  increases  with  an  increase 
in  either  pressure  or  velocity.  The  figure  indicates  that  the 
agreement  between  the  theoretical  and  experimental  results  is 
very  close.  It  may  be  pointed  out  that  the  present  com¬ 
putations  are  not  carried  out  for  very  low  freestream  velocities 
( < 80  m/s),  because  then  the  ratio  psrb/pa>Ua  is  no  longer 
small  and  the  boundary-layer  approximation  used  in  the 
current  model  will  be  violated. 

Figure  10  shows  the  effect  of  normal  burning  rate  on  the 
erosive  burning  rate  augmentation  factor.  The  AP/ 
polysulfide  propellant  (type  2),  with  a  lower  value  of  nor¬ 
mal  burning  rate,  is  found  to  be  more  sensitive  to  erosive 
burning  than  that  of  the  propellant  (type  1)  which  has  a  higher 
value  of  normal  burning  rate.  This  observation  is  consistent 
with  the  experimental  observation  of  Marklund  and  Lake. 39 

IV.  Summary  and  Conclusions 

1)  The  erosive  burning  problem  of  composite  solid 
propellants  has  been  modeled  by  considering  a  two- 
dimensional,  chemically  reacting,  turbulent  boundary  layer 
over  a  propellant  surface.  The  theoretical  model  has  been 
solved  numerically,  and  the  predicted  erosive  burning  rates 
showed  a  close  agreement  with  the  experimental  data  of 
Marklund  and  Lake. 39 

2)  The  predicted  results  also  show  that  propellants  with 
lower  normal  burning  rates  are  more  sensitive  to  erosive 
burning  than  those  with  higher  normal  burning  rates;  and,  the 
surface  roughness  of  a  propellant  augments  the  erosive 
burning  rate  of  a  composite  solid  propellant. 

3)  The  basic  mechanism  for  the  erosive  burning  effect  is 
believed  to  be  the  increased  heat  feedback  to  propellant 
surface  introduced  by  the  increase  in  transport  coefficients, 
and  the  turbulence-enhanced  mixing  and  reaction  of  the 
oxidizer  and  fuel  gases.  In  addition,  the  increase  in  freestream 
gas  velocity  brings  the  location  of  the  peak  turbulence  in¬ 
tensity  and  the  reaction  zone  closer  to  the  propellant  surface. 
Thus,  more  heat  is  released  near  the  surface,  thereby  in- 
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creasing  the  heat  feedback  to  the  propellant  surface  and  the 
burning  rate  of  a  solid  propellant. 
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Measurements  and  Model  Validation  for  Composite 
Propellants  Burning  under  Cross  Flow  of  Gases 

Mohan  K.  Razdan*  and  Kenneth  K.  Kuof 
The  Pennsylvania  Stale  University,  University  Park,  Pa. 


Erosive  burning  rates  of  three  types  of  ammonium  perchlorate-based  composite  propellant  formulations  were 
measured  by  using  the  high-speed  motion  picture  method.  Experiments  we.t  conducted  in  a  test  rig  designed  to 
develop  a  well-defined,  turbulent  boundary  layer  with  a  distinct  leading  edge  by  the  flow  of  combustion  gases 
over  two-dimensional  propellant  samples.  Erosive  burning  rate  correlations  which  relate  the  burning  rate  to 
freestream  velocity  and  pressure  were  developed.  The  comparison  of  experimental  data  and  theoretical  results 
obtained  from  the  erosive  burning  model,  based  upon  the  turbulent  boundary-layer  approach  developed  by  the 
authors,  showed  a  close  agreement. 
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Nomenclature 

a  =  pre-exponent  in  strand  burning  rate  law,  (cm/s) 
(MPa)-" 

A  ,b  =  throat  area  of  exit  nozzle,  m 2 

Als  =  cross-sectional  flow  area  in  test  section,  m 2 

dAP  =  average  size  of  AP  particles,  pun 

h,s  =  height  of  flow  channel  above  propellant  surface,  m 

H  =  height  of  test  section  without  propellant  sample,  m 

K  =  constant  in  erosive  burning  rate  correlation , 

(MPa)  ~"p(  m/s) 

n„  =  velocity  exponent  in  erosive  burning  rate  correlation 

Af„  =  Mach  number  in  test  section 

n  =  pressure  exponent  in  strand  burning  rate  law 

np  =  pressure  exponent  in  erosive  burning  rate  correlation 

p  =  pressure,  MPa 

rb  =  rbg + rbt  .total  burning  rate,  cm/s 

rbe  =  erosive  burning  rate,  cm/s 

rbg  =  strand  burning  rate,  cm/s 

R  =  gas  constant ,  437 .6  N-m/kg-K 

t  -time,  s 

T„  =  stagnation  temperature,  2258  K 
Tm  =  freestream  gas  temperature,  K 
Ulb  =  threshold  velocity,  m/s 
U„  =  average  velocity  in  test  section,  m/s 
(/„  =  freestream  velocity  in  test  section,  m/s 

x  =  distance  from  lead  mg  edge  along  propellant  surface, 
cm 

y  =  location  of  burning  propellant  surface,  cm 

a,  =constant  in  erosive  burning  rate  correlation,  (cm/s) 
(m/s)"«  (MPa) 

6  =  boundary  layer  thickness,  m 

rj  =  exponent  in  boundary  layer  velocity  profile 

7  =  ratio  of  constant  pressure  and  constant  volume 

specific  heats,  1 .26 
u  =  pressure  exponent  in  Eq.  (5) 
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I.  Introduction 

HE  term  “erosive  burning”  refers  to  the  sensitivity  of  the 
solid-propellant  burning  rate  to  the  velocity  of  the 
combustion  gases  flowing  parallel  to  the  propellant  surface. 
The  burning  rate  generally  increases  with  an  increase  in  gas 
velocity.  A  high-velocity  gas  flow  usually  occurs  in  the  central 
port  of  a  propellant  grain  used  in  a  rocket  motor.  In  designing 
rocket  motors,  it  is  essential  to  be  able  to  predict  the  burning 
rate  under  high  cross-flow  velocities,  since  both  the  thrust 
level  and  the  web  burnout  time  depend  on  the  burning  rate. 
Erosive  burning  effect  is  particularly  important  in  the  design 
of  high-thrust,  short-burning-time  solid-propellant  motors 
for  high-acceleration  rockets  and  missiles.  Gases  in  a  noz¬ 
zleless  rocket  motor  choke  somewhere  within  the  port,  and  the 
gas  velocity  reaches  sonic  and  supersonic  speeds  over  some 
portions  of  the  propellant  surfaces,  leading  to  high  erosive 
burning  rates.  In  order  to  have  high  performance,  it  is 
necessary  to  achieve  high-loading  fractions  (ratio  of 
propellant  weight  to  combustion  chamber  volume)  in  a  solid- 
propellant  rocket  motor.  However,  with  high-loading 
fractions,  erosive  burning  often  results  in  high-pressure 
peaks,  unequal  propellant-web  burnout,  and  extended  heat 
exposure  of  the  chamber  wall.  Chamber  failure  may  even 
occur  due  to  overpressurization  immediately  after  ignition, 
when  combustion  gas  velocity  is  at  maximum.  An  un¬ 
derstanding  of  the  erosive  burning  characteristics  of  a  solid 
propellant  can  lead  to  the  elimination  of  these  problems 
through  proper  modifications  in  the  motor  and/or  grain 
design. 

The  literature  reviews  by  Kuo  and  Razdan'  and  by  King2 
indicate  that  the  erosive  burning  behavior  of  solid  propellants 
has  been  investigated  in  the  past  by  both  experimental  and 
theoretical  methods.  Over  the  years,  a  number  of  models  for  a 
possible  erosive  burning  mechanism  have  been  developed  to 
predict  the  burning  rates  of  solid  propellants.  These  models 
include:  1)  the  work  of  Lenoir  and  Robillard,3  based  on  a 
heat-transfer  theory;  2)  Vandenkerckhove’s  work,4  based  on 
a  flame  theory;  3)  the  flame-bending  model  of  King;5  and  4) 
the  boundary  layer  models  of  Razdan  and  Kuo,6  Beddini,7 
and  Lengelli.*  Although  there  are  various  approaches  to 
attacking  the  problem  of  erosive  burning,  a  realistic  approach 
must  consider  the  burning  of  the  solid  propellant  under  the 
influence  of  a  boundary  layer  (mostly  turbulent)  developed 
over  the  propellant  surface  by  the  flow  of  combustion  gases. 

Experimental  studies  on  erosive  burning  are  important  for 
comparing  theoretical  predictions  and  measured  erosive 
burning  rates.  Erosive  burning  has  been  studied  ex¬ 
perimentally  in  various  ways.  The  methods  used  include,  for 
example,  partial  or  interrupted-burner  techniques, 
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cineradiography  technique, lu  X-ray  flash  and  pressure  pick¬ 
up  methods,12  conductivity  probe  technique, 13  and  high¬ 
speed  photography  technique.514  None  of  these  expeiimental 
studies  were  designed  to  be  compatible  for  a  boundary  layer 
type  of  theoretical  analysis.  Moreover,  in  most  of  the  previous 
experimental  work,  the  freestream  velocities  were  limited  to 
low  values.  In  the  wake  of  the  recent  developments  of 
theoretical  models6"8  based  on  turbulent  boundary-layer 
approaches,  there  is  a  need  for  erosive  burning  data  for 
propellants  over  which  turbulent  boundary  layers  are  formed 
The  present  experimental  approach  is  unique  in  that  the 
experiments  were  conducted  in  a  test  rig  designed  to  develop  a 
turbulent  boundary  layer  with  a  distinct  leading  edge  by  the 
flow  of  gases  over  a  propellant  sample.  There  is  no  previous 
report  of  erosive  burning  data  under  such  conditions. 

The  objectives  of  the  present  study  were  to:  1)  conduct 
erosive  burning  tests  at  various  pressures  and  freestream 
velocities  on  two-dimensional  flat  ammonium  perchlorate- 
based  composite  solid  propellant  slabs;  2)  establish  a  data 
base  for  erosive  burning  rate  as  a  function  of  gas  velocity, 
pressure,  and  propellant  physico-chemical  characteristics;  3) 
correlate  the  erosive  burning  rate  data  in  terms  of  freestream 
velocity  and  pressure;  and  4)  use  the  experimental  data  for  the 
verification  of  the  theoretical  model  developed  by  the  authors 
at  the  Pennsylvania  State  University. 


II.  Experimental  Apparatus 


A.  Erosive  Burning  Test  Rig 

The  present  experiments  were  designed  for  verification 
purposes,  so  that  erosive  burning  rates  measured  at  various 
freestream  velocities  and  pressures  can  be  compared  with 
theoretical  calculations.  Consistent  with  the  theoretical 
model,6  the  propellant  samples  in  all  tests  were  of  flat 
geometry. 

In  the  design  consideration,  two  requirements  were  im¬ 
posed  on  the  structure  of  the  experimental  apparatus:  1) 
experiments  should  be  compatible  with  the  theoretical 
model;6  and  2)  combustion  product  gas  temperature, 
pressure,  and  freestream  velocity  for  burning  of  a  propellant 
should  be  similar  to  that  surrounding  combustion  of  a  typical 
solid  propellant  motor.  Therefore,  a  turbulent  boundary  layer 
should  be  formed  over  a  flat  test  propellant  surface  by  the 
flow  of  a  high-velocity  gas,  and  the  propellant  should  burn  at 
typical  rocket  pressures  of  25-100  atm.  Various  materials  and 
dimensions  of  the  test  rig  were  selected  on  the  basis  of  a 
computer-aided  design  and  parametric  study,  and  the 
requirements  of  high-pressure  and  high-temperature  gas  flow 
(see  Ref.  15  for  details).  A  schematic  diagram  of  the  test  is 
shown  in  Fig.  1.  Description  and  function  of  each  important 
component  is  given  in  the  following. 
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Fig.  1  Schematic  diagram  of  erosive  burning  test  rig. 


Driving  Motor 

A  high-pressure,  high-velocity,  hot  combustion  gas  flow 
needed  to  simulate  actual  rocket  conditions  was  generated  in 
the  driving  motor  by  burning  a  30-cm  long  and  tl.96-cm 
outer  diameter,  8-point  star-shaped  N-4  solid-propellant 
grain.  It  may  be  noted  here  that  the  flame  temperature  of  the 
driver  propellant  grain  is  different  from  that  of  the  test 
propellant  samples.  Consequently,  the  freestream  tem¬ 
perature  in  the  present  experiments  was  different  from  the 
flame  temperature  of  a  test  propellant.  However,  this  is  not 
believed  to  affect  the  results,  because  the  erosive  burning  rate 
in  previous  studies512  was  found  to  be  independent  of  the 
freestream  gas  temperature.  The  neutral  burning  charac¬ 
teristics  of  the  driver  propellant  grain  helped  to  maintain  a 
steady-state  pressure  in  the  test  chamber  after  a  short  ignition 
transient  interval.  The  driving  motor  was  constructed  of  304 
stainless  steel,  with  a  length  of  30  cm,  an  inner  diameter  of  12 
cm,  and  an  outer  diameter  of  17.8  cm. 


Igniter  System 

To  ignite  the  propellant  charge  in  the  driving  motor,  a 
pyrotechnic  igniter  (MK  125  MOD  5)  was  used.  The  igniter 
was  held  in  a  stainless  steel  igniter  holder  threaded  into  a 
flange  attached  at  the  head  end  of  the  driving  motor.  The 
igniter  was  set  off  by  a  remotely  controlled  ignition  circuit, 
and  the  power  supply  was  carried  to  the  igniter  through  an 
insulated  electrode  gland  feedthrough  [Nanmac  Corp.,  Model 
A-50i-Cu(ss)]. 

Following  ignition  of  the  propellant  grain,  the  product 
gases  flow  out  of  the  driving  motor  into  the  test  chamber 
through  a  nozzle.  This  nozzle,  constructed  of  304  stainless 
steel,  was  designed  to  converge  from  a  square  cross  section 
(42.3  cm2)  at  the  end  of  the  driving  motor  to  a  rectangular 
cross  section  (17.8  cm2)  at  the  entrance  of  a  test  chamber. 


Test  Chamber 


Several  important  elements  were  designed  to  form  the  39- 
cm  long  test  chamber  made  of  304  stainless  steel  with  a  rec¬ 
tangular  cross  section  7  cm  x  2.54  cm: 

1)  The  test  chamber  was  equipped  with  a  transparent 
plexiglass  window  assembly  composed  of  an  inner  sacrificial 
plexiglass  window  (25.4  cm  x  3.81  cm  x  1.27  cm),  a  middle 
window  (25.4  cm  x  3.81  cm  x  2.54  cm),  and  a  top  window 
(27.94  cm  x  6.35  cm  x  3.81  cm).  Rubber  O-rings  between  the 
middle  and  top  windows  were  used  to  insure  a  tight  seal.  A 
new  sacrificial  window  was  used  in  each  test  firing.  The  test- 
propellant  sample  was  clearly  visible  through  the  plexiglass 
window  assembly. 

2)  An  interchangeable  wedge-shaped  stainless  steel  leading 
edge  was  provided,  ana  a  test-propellant  sample  was  glued  to 
the  top  fiat  surface  of  the  leading  edge.  The  length  of  the 
leading  edge  (10.8  cm)  allowed  the  development  of  a  turbulent 
boundary  layer  over  a  large  portion  of  the  propellant  sample. 

3)  A  spillage  channel  was  provided.  A  small  amount  of  the 
product  gases  flowed  through  the  channel  and  out  of  the  test 
chamber,  enabling  the  boundary  layer  to  develop  from  the 
beginning  of  the  leading  edge. 

4)  An  interchangeable  top  plate  was  designed  to  vary  the 
channel  height  in  the  test  section  to  change  gas  velocity. 
Pressure  gradient  can  also  be  controlled  by  using  a  tapered 
top  plate. 

5)  Convergent-divergent  interchangeable  exit  nozzles  made 
of  stainless  steel  were  designed  to  control  the  pressure  and  gas 
velocity  in  the  test  chamber.  Various  nozzles,  with  throat 
diameters  of  1 .93  cm,  2.08  cm,  and  2.42  cm,  were  used.  The 
exit-nozzle  assembly  contained  a  burst  diaphragm  designed  to 
rupture  at  a  given  critical  pressure  of  30  atm.  A  small  nozzle 
with  a  throat  diameter  of  0.65  cm  was  used  at  the  end  of  the 
spillage  channel.  To  ensure  that  the  spillage  channel  remained 
open  during  the  test  firing,  the  burst  diaphragm  was  not  used 
in  the  small  nozzle  assembly. 
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B.  Burning  Rate  Measuring  Technique 

The  high-speed  motion  picture  method  was  used  to 
determine  the  burning  rate  of  a  test-propellant  sample.  The 
burning  test  propellant  was  photographed  by  a  16-mm  high¬ 
speed  motion  picture  camera  (400-ft  capacity  Hycam  Model 
K20S4E-115).  A  telescopic  lens  (Elgeet  Rochester  Co.,  6-in., 
// 3.8,  cin£  Navitar  No.  A2305)  was  also  used  with  the  camera. 
The  framing  rate  of  the  camera  during  the  experiments  was  set 
from  1000  to  1500  frames  per  second.  The  camera  was 
equipped  with  two  light-emitting  diodes  (LED),  one  for 
generating  timing  signals  at  a  preselected  frequency  and  the 
other  for  a  common-time  marker.  During  the  filming  of  the 
burning  propellant,  time  marks  were  recorded  on  the  film, 
and  a  common-time  mark  was  also  recorded  on  the  film  at 
that  time  at  which  ignition  was  started  in  a  test  firing.  At  the 
same  time,  a  voltage  signal  was  recorded  on  a  magnetic  tape 
recording  system  which  also  recorded  pressure-time  data  at 
various  locations  of  the  test  rig.  In  this  way,  burning  rate  vs 
time  data  were  coordinated  with  pressure  vs  time  data.  The 
light-emitting  diodes  were  operated  by  a  timing  light 
generator  (LED  driver),  which  was  fabricated  by  The  Penn¬ 
sylvania  State  University  Electronics  Services  and  has  a 
frequency  range  of  10-10,000  Hz.  The  frequency  in  the 
present  experiments  was  set  at  100  Hz. 

The  film  was  analyzed  frame  by  frame  on  a  motion 
analyzer,  by  means  of  the  Vanguard  motion  analyzer  (M- 
16GD  Serial  No.  772  projection  head,  C-11D  Serial  No.  773 
projection  case).  The  motion  analyzer  projects  a  4x- 
magnified  picture  on  a  screen.  The  screen  has  two  crosshairs 
which  can  be  moved  in  x  and  y  directions.  The  distance  moved 
by  these  crosshairs  is  obtained  from  two  micrometer  dials 
accurate  to  a  thousandth  of  an  inch.  A  frame  counter  is  also 
provided  to  record  the  number  ot  frames  moved  between 
readings.  The  readings  taken  from  the  analyzer  were  the  y 
distances  (propellant  surface  location)  at  a  fixed  x  location, 
and  the  frame  counter  readings.  Readings  were  taken  ap¬ 
proximately  100  frames  apart.  The  time  interval  between  each 
reading  was  calculated  from  the  number  of  time  marks  on  the 
film.  To  convert  the  y-dial  readings  recorded  from  the 
magnified  image  to  the  actual  readings,  each  y-dial  reading 
was  multiplied  by  a  scale  factor.  The  scale  factor  is  defined  as 
the  ratio  between  actual  object  thickness  (measured  propellant 
thickness  before  ignition  in  a  test  firing)  to  the  projected 
image  thickness  (y-dial  reading  of  the  propellant). 

C.  Instrumentation 

Pressure  Measuring  Equipment 

The  pressure  measuring  system  consists  of  piezo-electric 
quartz  transducers,  charge  amplifiers,  and  a  recording 
system.  Pressure  was  measured  at  three  locations:  1)  near  the 
inlet  to  the  rectangular  convergent  nozzle  at  the  exit  of  the 
driving  motor;  2)  near  the  leading  edge;  and  3)  near  the  exit 
nozzle.  Three  pressure  transducers  (Kistler  Model  601 B),  with 
a  pressure  range  up  to  1000  atm,  were  used.  These  transducers 
were  equipped  with  water-cooled  adapters  (Kistler  Model 
628C),  which  protected  the  transducers  from  excessive  heating 
by  the  high  temperature  gases.  A  silicon-rubber  insulation 
material  was  used  to  protect  the  transducer  diaphragms  from 
the  hot  gases.  Transducers  were  not  mounted  flush  with  the 
inner  surface  of  the  test  chamber,  but  were  slightly  recessed 
from  it  to  provide  additional  thermal  protection.  The  charge 
signal  produced  by  a  transducer  is  proportional  to  the 
pressure  signal,  and  it  was  amplified  through  a  charge  am¬ 
plifier  (Kistler  Model  504E)  and  recorded  on  a  tape  recorder. 
Calibrations  of  pressure  measurements  were  made  through 
the  charge  amplifiers  by  applying  a  DC  voltage  equal  to  the 
transducer  sensitivity  (picoCoulombs/fi'  'pplied  by  the 
manufacturer.  The  output  of  tie  ch  ■  -  ..plifier,  which 
represents  the  measured  pressure  u.  .  .ms  of  voltage 
(volts/psi),  was  then  recorded.  This  calibration  procedure  was 
checked  periodically  by  me.  suring  a  known  pressure  (using 


Igniter 


Fig.  2  Schematic  diagram  of  data  acquisition  system. 


high  pressure  nitrogen)  with  the  same  transducers  as  those 
used  in  the  present  experiments. 

Data  Acquisition  System 

Figure  2  illustrates  the  components  of  the  data  acquisition 
system  used  in  the  present  erosive-burning  experiments.  It 
consists  of  pressure  transducers,,  charge  amplifiers,  a  14- 
channel  tape  recorder  (Hewlett  Packard  Model  3924  tape 
system),  a  4-channel  transient  wave  form  digitizer  (Biomation 
Model  1015),  an  oscilloscope  (Tektronix  type  535 A),  an  x-y 
plotter  (Hewlett-Packard  7044A),  a  high-speed  movie  camera, 
an  LED  du'er  unit,  and  a  motion  analyzer.  A  pressure 
transducer  produces  a  small  electric  charge  proportional  to 
the  pressure  in  the  test  chamber.  This  charge  is  carried  by  an 
insulated  high  impedance  cable  to  the  charge  amplifier,  which 
after  amplification  converts  it  into  voltage  output  propor¬ 
tional  to  the  pressure.  The  output  of  the  charge  amplifier  is 
recorded  on  an  FM  channel  of  the  tape  recorder.  Output  of 
the  tape  recorder  is  connected  to  the  Biomation  digitizer, 
which  converts  the  data  from  analog  to  digital  form.  The  data 
can  be  displayed  on  an  oscilloscope,  or  plotted  on  the  x-y 
plotter  for  a  hard  copy.  The  burning  rate  data  are  obtained 
through  the  use  of  the  high-speed  motion  picture  camera  and 
motion  analyzer. 

D.  Procedure  Used  in  Conducting  Erosive  Burning  Test  Firings 

Before  conducting  erosive  burning  test  firings,  a  series  of 
cold  flow  tests  was  performed  to  check  the  uniformity  of  the 
flow  out  of  the  rectangular  convergent  nozzle.  Measurements 
were  made  with  pitotstatic  probes  at  the  exit  plane  of  the 
convergent  nozzle.  The  measured  velocity  distributions 
consistently  indicated  the  uniformity  of  the  flow  within  the 
potential  core  over  the  major  portion  of  the  nozzle  exit  plane. 
The  data  also  indicted  that  the  nozzle  geometry  is  adequate 
for  providing  a  two-dimensional  flow.  During  the  course  of 
an  erosive  burning  test  firing,  a  number  of  safety  precautions 
were  taken  because  of  the  complexity  of  the  test  rig  setup.  A 
check  list  prescribing  a  systematic  procedure  for  setting  up 
each  test  firing  was  used.  Some  of  the  requisites  for  preparing 
a  test  firing  are  described  below: 

1)  Internal  surfaces  of  the  driving-motor  star  gtain  were 
spread  with  an  igniter  paste  composed  of  potassium  per¬ 
chlorate,  boron,  and  titanium  mixed  in  hexane.  The  ad- 
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Fig.  3  Circuit  diagram  for  remotely  controlled  ignition  and  high¬ 
speed  photography  system. 


vantage  of  using  igniter  paste  was  its  ability  to  spread  the 
flame  uniformly  and  rapidly,  thus  reducing  the  time  interval 
of  pressurization  after  ignition. 

2)  The  test  propellant  was  glued  to  the  flat  surface  of  the 
leading-edge  element  with  an  epoxy  containing  Epon  828 
(90%)  and  diethylene  triamine  (10%).  Normally,  24  h  was 
required  for  the  glue  to  dry  and  firmly  hold  the  propellant  on 
the  leading  edge.  Typical  test  propellant  dimensions  were 
length,  10.7  cm;  width,  7.3;  and  thickness,  1.75  cm.  The 
leading-edge  portion  of  the  propellant  was  tapered  to  ensure 
smooth  development  of  a  boundary  layer.  The  trailing-edge 
portion  of  the  propellant  was  also  tapered  slightly  to  avoid 
any  flow  separation  effect  in  the  vicinity  of  the  trailing  edge. 
A  little  extra  width  beyond  that  of  the  leading-edge  width  was 
left  for  the  test  propellant  sample  in  each  experiment.  This 
was  necessary  in  order  to  ensure  good  compression  between 
the  sacrificial  plexiglass  window  and  the  propellant.  In  this 
way,  no  combustion  gases  could  penetrate  between  the 
propellant  and  the  plexiglass  window. 

3)  A  thin  la.'er  of  flame  retardant  (chlorofluorocarbon, 
Halocarbon  25-5S)  was  applied  to  the  propellant’s  front  and 
back  surfaces,  which  were  in  contact  with  the  plexiglass 
window  and  the  test  chamber  wall,  respectively.  The 
propellant  compression  and  the  use  of  flame  retardant  are 
essential  to  the  experiment  in  order  to  prevent  flame  spreading 
between  the  contact  surfaces.  Flame  retardant  was  also  used 
on  the  inner  surface  of  the  sacrificial  plexiglass  window  to 
suppress  the  burning  of  the  window.  This  helped  to  obtain  a 
clear  view  of  the  burning  test  propellant  sample.  In  a  few  of 
the  earlier  test  firings,  it  was  found  that  combustion  gases 
generated  a  small  crack  in  the  propellant  near  the  leading  edge 
(stagnation  region);  eventually,  the  crack  became  larger  as  a 
result  of  crack  propagation  and  rapid  flame  penetration  into 
the  crack.  A  small  portion  of  the  propellant  leading  edge  was 
also  covered  with  the  flame  retardant  layer  to  avoid 
development  of  cracks. 

4)  The  contact  surfaces  of  various  components  of  the  test 
rig  were  sealed  by  applying  a  layer  of  rubber-based  adhesive 
sealant  (Permatex  No.  6BR).  This  was  found  to  be  very  ef¬ 
fective  in  achieving  a  good  seal. 

5)  A  pre-ignition  test  was  made  just  before  each  actual  test 
firing.  A  fuse  wire  was  used  to  simulate  the  igniter,  the  high¬ 


Time  =  0  Sec 


Time  =  1.0  Sec 


Time  =  1.87  Sec 

Fig.  4  Photographs  showing  location  of  test-propellant  surface  at 
various  times  during  a  test  firing. 


speed  movie  camera  was  loaded  with  a  dummy  film,  and 
various  control  switches  were  then  activated  in  the  same 
sequence  as  in  an  actual  test  firing.  If  the  setup  was  ap¬ 
propriate,  the  fuse  wire  would  burn,  thus  confirming  the 
propet  function  of  the  remotely  controlled  ignition  circuit. 

6)  Four  camera  lights  (two  1000  W  and  two  650  W)  were 
used  to  illuminate  the  window  and  the  propellant  in  the  test 
chamber. 

7)  A  16-mm,  200-ft  color  film  was  used  in  each  test  firing. 
The  film  used  was  Kodak,  Eastman  Ektrachrome  7250  with 
ASA  400  (tungsten).  The  f-stop  on  the  telescopic  lens  was  set 
at  8.0  for  all  tests  conducted. 

Remotely  Controlled  Ignition  System 

A  circuit  diagram  for  the  remotely  controlled  ignition  and 
high-speed  photography  system  is  shown  in  Fig.  3.  Basically, 
the  MK  125  igniter  is  set  off  by  an  event  switch  built  into  the 
high-speed  movie  camera.  When  the  ignition  switch  is  ac¬ 
tivated,  the  camera  takes  some  time  to  reach  a  steady 
preselected  framing  rate.  Corresponding  to  this  time  is  the 
length  of  film  which  the  camera  rolls  before  ignition.  Film 
length  is  dependent  on  the  selected  framing  rate  (e.g.,  30  ft  for 
the  present  experiments,  at  about  1500  frames  per  second)  and 
can  be  preset  with  a  footage-controlled  event  switch  built  into 
the  camera.  After  the  camera  runs  through  the  initial  film 
length,  the  event  switch  closes,  activating  a  relay  switch,  and 
then  setting  off  the  igniter. 

III.  Data  Reduction  and  Analysis 

A.  Calculation  of  Burning  Rate  from  Experimental  Data 

Burning  rate  data  were  obtained  from  the  photographic 
record  of  a  test  firing,  as  discussed  in  Sec.  II.B.  Three 
photographs  showing  the  location  of  the  test-propellant 
surface  during  a  test  firing  at  various  times  are  shown  in  Fig. 
4.  For  each  y  reading,  the  corresponding  time  t  was  computed 
from  the  number  of  time  marks  on  the  film.  In  order  to 
permit  accurate  computation  of  first  derivatives  (rb =dy/df), 
a  least-square  polynomial  fit  through  y  - 1  data  was  conducted 
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Fig.  5  Least-square  polynomial  fit  to  measured  y  vs  (data. 


Time,  t,  Sec 


Fig.  6  Measured  pressure-time  traces  In  an  erosive  burning  test  firing 
with  exit-nozzle  throat  diameter  of  1.93  cm. 


to  obtain  an  equation  for y(t) .  Polynomials  from  the  second 
to  the  fifth  degree  were  employed,  and  depending  on  the  least 
square  error,  the  best  fitted  polynomial  was  chosen  to 
represent  the  data.  A  typical  case  is  shown  in  Fig.  5.  The  sum 
of  squares  of  errors  for  this  fit  was  very  small  (3.64  x  10  "3). 
The  burning  rate  was  calculated  by  differentiating  the 
polynomial  equation  with  respect  to  time.  In  this  way,  burn¬ 
ing  rate  vs  burning  time  data  were  obtained  from  all  the  test 
firings.  It  may  be  pointed  out  that  the  accuracy  of  the 
measured  burning  rate  depends  on  the  accuracy  of  the 
measurement  of  the  location  of  the  burning  propellant  sur¬ 
face.  Measurements  were  taken  with  a  motion  analyzer 
capable  of  measuring  line  resolution  to  within  0.001  in.  and  at 
an  average  time  interval  of  0.01  s.  The  error  introduced  in 
evaluating  the  burning  rate  is  less  than  3%.  Because  the  time 
marks  were  put  on  the  film  at  a  precisely  known  frequency,  no 
error  is  expected  in  the  calculation  of  the  time  interval  bet¬ 
ween  film  readings. 


B.  Calculation  of  Frecstream  Gas  Velocity 
Direct  measurement  of  the  velocity  in  the  test  section  is  very 
difficult  because  of  the  presence  of  high-temperature  and 
high-pressure  gases.  Therefore,  the  freestream  velocity  is 
indirectly  calculated  from  the  one-dimensional  gas  dynamic 
relationships  for  flow  through  a  nozzle.  Using  these 
relationships  and  the  mass  conservation,  the  average  gas 
velocity  in  the  test  section,  (/„,  was  found  from  the  following 
equation  (see  Ref.  16): 


(T  +  O 


//(>-/) 


0) 


propellant  sample,  H,  and  the  measured  location  y  of  the 
propellant  surface.  The  Mach  number  in  the  test  section  is 
obtained  from  Eq.  (2),  and  the  average  velocity  is  then 
calculated  from  Eq.  (1).  To  obtain  an  expression  for  the 
freestream  velocity,  correction  should  be  made  in  the  average 
velocity  to  account  for  the  boundary  layer  developed  over  the 
propellant  surface  and  the  top  plate  of  the  test  chamber.  The 
freestream  velocity  was  obtained  from  the  following 
equation: 


where  6  is  the  boundary-layer  thickness  and  ij  is  the  exponent 
in  a  power-law  velocity  profile  (tj  was  taken  as  1/7  in  these 
calculations).  Boundary-layer  thickness  was  found  from  the 
functional  relationship  of  S  in  terms  of  Reynolds  number  for  a 
turbulent  boundary-layer  flow.  Equation  (3)  was  developed 
from  a  boundary-layer  analysis  to  account  for  viscous 
blockage  effect  in  the  test  section. 

C.  Erosive-Burning  Rate  Correlations 
Using  the  measured  experimental  data,  correlations  were 
developed  between  erosive  burning  rate  augmentation  factor 
(rb/rb0),  freestream  velocity,  and  pressure.  The  functional 
form  of  these  correlations  was  obtained  from  the  ex¬ 
perimental  data,  as  explained  in  the  following.  The  burning 
rate  at  a  particular  pressure  is  seen  to  increase  somewhat 
linearly  with  freestream  velocity.  An  equation  relating 
burning  rate  and  velocity  can  be  written  as 

rb=rt>o+<xW~-uth)nu  (4) 


where  Als  is  the  flow  cross-sectional  area  over  the  propellant 
test  sample,  A  lh  is  the  throat  area  of  the  exit  nozzle,  and  M„  is 
the  average  Mach  number  of  the  combustion  gases  in  the  test 
section.  The  Mach  number  was  calculated  from  the  following 
equation  (see  Ref.  16): 


i 


A,s  was  computed  from  the  product  of  the  width  and  height 
h,s  of  the  flow  channel  above  the  surface  of  a  test  propellant 
in  the  test  section.  This  height  was  obtained  from  the  dif¬ 
ference  between  the  height  of  the  test  section  without 


where  U,h  represents  the  threshold  velocity  and  a  is  a  constant 
which  must  be  a  function  of  pressure,  since  the  experimental 
data  indicate  that  the  slope  of  the  rb  vs  UK  data  changes  with 
pressure.  Therefore,  the  following  relationship  is  assumed: 


<*=<*;/>“  (5) 

in  this  equation  a,  and  u  are  unknown  constants.  Although 
Eq.  (4)  contains  the  threshold  velocity  consideration,  our 
experimental  data  for  all  three  propellants  tested  showed  no 
threshold  effect.  The  threshold  velocity  is  retained  in  Eq.  (4) 
to  maintain  the  generality  of  the  form  of  the  correlation. 

From  the  graphical  plot  of  experimental  data  for  rb  vs  Um 
at  three  different  pressures,  approximate  values  for  the 
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Table  1  Propellant  data 


Propellant  type 

1  (4525) 

11(5051) 

III 

Composition 

AP/HTPB 

AP/HTPB 

AP/PBAA-EPON 

Average  particle  size,  pm 

20 

200 

76 

Weight  percent  of  oxidizer 

73 

73 

75 

Pre-exponent  a  in  the  strand 

0.305 

0.2026 

0.2452 

burning  rate  law,  (cm/s) 

(MPa)-'1 

Pressure  exponent  n  in  the 

0.561) 

0.5427 

0.41 

strand  burning  rate  law 

Flame  temperature  of 

1667 

1667 

1920 

propellant  gas,  K 

Propellant  density,  kg/m3 

1492 

1492 

1600 

A  p  -  7.24  MPa 

0  p  ■  4.6  MPa 

0  p  «  3.0  MPa 

-  Theoretical 

Predictions 


p  -  7.24  MPa 


Propellant  Type: 
AP  752 

PBAA/HPON  252 
d^p  »  70lin 

T  -  2250K 

CO 

x  m  7. Seta 
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Free-Stream  Velocity,  U^,  a/s 

Fig.  7  Comparison  of  predicted  burning  rates  with  experimental 
data  at  various  pressures  and  frecstrcam  velocities  for  propellant  III. 
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Fig.  8  Comparison  or  predicted  burning  rales  with  experimenti.1 
data  at  various  pressures  and  freestream  velocities  for  propellant  I. 


constants  ah  u,  and  nu  were  obtained.  The  values  of  the 
approximate  constants  were  then  optimized  by  a  regression 
analysis  of  the  experimental  data  for  the  burning  rate, 
freestream  velocity,  and  pressure.  The  regression  analysis  was 
performed  with  the  NL1N2  computer  program 17  of  the  Share 
Program  Library.  The  model  supplied  to  the  NL1N2  program 
was  represented  by  the  following  correlation: 

(t/.-t/*)"*  (6) 

This  equation  is  obtained  from  Eqs.  (4)  and  (5),  while  rb(  is 
the  erosive  burning  rate  component  of  the  total  burning  rate 
rb  of  a  solid  propellant.  Using  the  strand  burning  rate  law 
( rbg=apn )  and  Eqs.  (4)  and  (5),  the  correlation  represented 
by  Eq.  (6)  can  be  written  in  the  following  convenient  form: 

(rh/rhg )  =1 +Kp”p(Ux  —  U,„ ) »»  (7) 

The  correlation  given  by  Eq.  (7)  represents,  within  limits  of 
available  data,  the  effect  of  freestream  velocity  and  pressure 
on  the  burning  rate  of  the  solid  composite  propellants  studied 
The  correlation  equation  can  be  represented  by  a  45  deg  line 
on  a  /'t>/r60  vs  1  +  Kp"pp(Um  —  Ulb ) "«  plot.  These  plots  are 
discussed  in  the  following  section. 

IV.  Results  and  Discussion 

Figure  6  shows  a  typical  pressure-time  trace  recorded 
during  a  test  firing  with  an  exit  nozzle  throat  diameter  of  1 .93 
cm.  Several  observations  can  be  made  from  the  pressure-time 
traces: 

1)  The  pressure  variation  between  the  peak  pressure  and 
the  start  of  the  tail-off  region  is  not  significant,  and  the  mean 


flow  in  the  boundary  layer  can  be  considered  as  quasi-steady 
at  any  particular  time. 

2)  In  all  the  erosive  burning  experiments  conducted,  the 
time  period  for  a  test  propellant  sample  to  consume  com¬ 
pletely  was  within  the  time  interval  during  which  the  chamber 
was  pressurized.  The  flame-spreading  time  for  the  star  grain 
in  the  driving  motor  was  very  short,  as  can  be  seen  from  the 
sharp  pressurization  following  immediately  after  the  onset  of 
ignition.  Therefore,  most  of  the  burning  time  of  the  star  grain 
was  adequately  utilized  during  the  test  run. 

3)  The  common-time  signal  shown  in  Fig.  6  represents  that 
instant  at  which  remotely  controlled  ignition  takes  place.  This 
time  always  coincides  with  the  first  discernible  pressure  rise  in 
the  test  rig. 

Erosive  burning  characteristics  of  three  types  of  AP-based 
composite  solid  propellants  were  studied.  These  propellants 
and  their  data  are  listed  in  Table  1.  Propellants  designated  by 
I  and  II  are  the  same  as  those  used  by  King5  in  his  study 
(propellant  numbers  4525  and  5051  in  Table  1  correspond  to 
King’s  formulation  numbers).  While  propellants  I  and  II  have 
the  same  binder  (HTPB)  and  oxidizer-to-fuel  ratio  (73:27), 
their  AP  particle  size  is  quite  different:  20  ftm  for  propellant  I 
and  200  pm  for  propellant  II.  Pressure  and  velocity  ranges 
covered  in  the  present  study  were  2  to  7  MPa  for  pressure,  and 
200  to  700  m/s  for  freestream  velocity. 

Experimental  results  obtained  for  AP/PBAA-EPON 
propellant  are  plotted  in  Fig.  7,  which  shows  the  variation  of 
total  burning  rate  with  freestream  velocity  at  pressures  of 
7.24,  4.6  and  3.0  MPa.  As  expected,  the  burning  rate  in¬ 
creases  with  the  increase  in  both  pressure  and  freestream 
velocity.  The  slope  of  the  burning  rate  vs  velocity  curves 
decreases  with  the  decrease  in  pressure.  At  the  same  time,  the 
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burning  rate  at  lower  pressure  changes  very  slowly  at  low 
velocities  (close  to  200  m/s).  Calculated  results  from  the 
turbulent  boundary  layer  model6  developed  by  authors  ate 
also  plotted  in  Fig.  7.  The  agreement  between  the  predicted 
and  measured  burning  rates  is  quite  close  for  all  pressure 
considered. 

For  AP/HTPB  propellants,  Figs.  8  and  9  show  the 
variation  of  the  measured  burning  rate  with  freestream 
velocity  at  different  pressures.  The  comparison  between  the 
results  shown  in  Figs.  8  and  9  indicates  a  noticeable  difference 
in  the  burning  behavior  of  the  two  propellants  with  identical 
ingredients,  but  with  different  oxidizer  particle  sizes.  The 
erosive  effect  is  more  pronounced  for  propellant  II  with  larger 
particle  size,  since  the  gradient  of  rb  vs  Um  in  Fig.  9  is  steeper 


Fig.  9  Comparison  of  predicted  burning  rates  with  experimental 
data  at  various  pressures  and  freestream  velocities  for  propellant  II. 
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Fig.  10  Measured  burning  rate  vs  pressure  data  for  different 
freestream  velocities. 


than  that  in  Fig.  8.  It  is  believed  that  the  higher  erosive 
burning  rates  for  propellants  with  larg  nicies  is  caused  by 
the  roughness  effect  of  the  propellant  Surtace.  The  roughness 
increases  the  turbulence  activity  near  a  propellant  surface, 
thereby  increasing  the  gas-to-solid  heat  flux  and  the  burning 
rate  of  a  propellant.  As  the  particle  size  increases,  the  height 
of  the  roughness  also  increases,  as  does  the  burning  rate  of  a 
propellant.  This  phenomenon  is  in  agreement  with  the 
predictions  of  the  turbulent  boundary-layer  model6  developed 
at  The  Pennsylvania  State  University.  The  predictions  for 
propellants  I  and  11  are  shown  as  solid  lines  in  Figs.  8  and  9, 
respectively.  The  agreement  between  the  theoretical  and 
experimental  results  is  generally  good.  The  surface  roughness 
height  of  35%  of  the  AP  particle  size  was  used  in  theoretical 
calculations.  This  value  of  roughness  height  was  obtained  by 
systematically  varying  the  roughness  height  until  the 
predictions  matched  the  measured  burning  rate  of  a 
propellant.  At  the  same  time,  all  other  physical  and  chemical 
input  data  of  the  propellant  were  held  constant  in  theoretical 
calculations.  Because  of  the  lack  of  experimental  data  for 
surface  roughness,  the  above  procedure  of  including  the 
surface  roughness  effect  in  the  theoretical  calculations  is 
believed  to  be  reasonable. 

It  may  be  noted  that  the  strand  burning  behavior  of  the  two 
AP/HTPB  propellants  is  also  different  as  a  result  of  differing 
particle  sizes.  Propellant  1  with  20/x  AP  has  a  higher  strand 
burning  rate  rbg  than  propellant  II  with  200#i  AP.  For 
example,  at  a  pressure  of  4  MPa,  the  strand  burning  rate  of 
propellant  I  is  0.664  cm/s  and  that  of  propellant  II  is  0.43 
cm/s.  Previous  studies 5A,: 2  have  found  that  the  strand 
burning  rate  of  a  propellant  affects  its  erosive  burning 
behavior.  The  present  study  shows  that  at  a  particular 
velocity,  propellant  II  with  lower  strand  burning  rate  is  more 
sensitive  to  the  erosive  burning  effect  (see  Fig.  9)  than  is 
propellant  I,  with  higher  strand  burning  rate.  The  higher 
erosive  effect  for  propellant  II  compared  to  that  of  propellant 
I  is  believed  to  be  caused  by  both  the  larger  AP  particle  size 
and  the  lower  strand  burning  rate  of  the  propellant.  The  effect 
of  strand  burning  rate  on  the  erosive  burning  response  of  a 
propellant  is  also  predicted  by  the  turbulent  boundary  layer 
model.6 

Measured  burning  rates  for  propellant  I  are  plotted  against 
pressure  in  Fig.  10.  This  plot  was  constructed  so  that  a 
comparison  could  be  made  with  King’s  data.5  King  has 
representea  most  of  his  data  on  rb  vs  p  plots.  A  set  of  data 
points  for  different  freestream  velocities  is  shown  in  Fig.  10. 
The  data  points  from  King’s  work  at  an  average  test-section 
velocity  of  305  m/s  do  not  compare  well  with  the  data  ob¬ 
tained  from  the  present  study  at  a  freestream  velocity  of  about 
300  m/s.  A  possible  reason  for  the  discrepancy  could  be  that 
the  data  reduction  procedure  used  by  King  is  quite  different 
from  that  used  in  this  study.  It  was  found  in  our  study  ‘.hat  the 
error  in  reaaing  the  instantaneous  web  thickness  f  'on.  the 
motion  pictures  could  affect  results  significantly.  Care  was 
taken,  with  repeated  film  readings,  to  measure  the  web 
thickness  with  an  accurate  motion  analyzer.  Only  a  few  data 
points  are  plotted  in  Fig.  10,  owing  to  the  difficulty  of  finding 
a  larger  number  of  data  points  for  the  burning  rate  at  various 
pressures  while  at  the  same  time  keeping  the  freestream 
velocity  constant. 

Using  the  present  erosive  burning  data,  correlations  similar 
to  Eq.  (7)  were  developed.  The  correlation  coefficients  for  the 
three  types  of  propellants  investigated  are  listed  in  Table  2.  It 
is  noted  that  the  functional  form  of  Eq.  (7)  does  not  have  the 


Table  2  Correlation  coefficients 


Propellant  type 
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nu 
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Fig.  11  Experimental  data  for  erosive  burning  augmentation  factor  Fig.  13  Experimental  data  for  erosive  burning  augmentation  factor 
correlated  with  pressure  and  freestream  velocity  for  propellant  I.  correlated  with  pressure  and  freestream  velocity  for  propellant  III. 
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Fig.  12  Experimental  data  for  erosive  burning  augmentation  factor 
correlated  with  pressure  and  freestream  velocity  for  propellant  II. 


dependence  of  erosive  burning  augmentation  ratio  rb/rb„  on 
streamwise  distance  x.  The  burning  rate  was  measured  at  three 
locations  (x=3  cm,  6  cm,  and  9  cm)  along  the  test  propellant 
surface.  A  study  of  the  data  did  not  reveal  any  significant 
variation  of  the  burning  rate  along  the  x  direction.  This 
observation  was  also  made  by  viewing  movies  of  the  test 
firings  in  which  the  propellant  surface  remained  horizontal  as 
it  burnt  downwards.  It  is  believed  that  the  insignificant  in¬ 
dependence  of  the  burning  rate  is  due  to  the  fact  that  mass 
flow  rate  of  gases  over  the  test  propellant  samples  in  the 
experiments  remained  nearly  constant.  Contribution  from  a 
burning  propellant  sample  mass  flow  rate  was  small  in  all 
experiments,  typically  about  6%.  It  is  known  from  previous 
studies 9  ,0  that  the  erosive  burning  rate  of  a  solid  propellant  is 
strongly  influenced  by  the  mass  flow  rate  of  gases  over  the 
propellant  surface.  Therefore,  with  the  gaseous  mass  flow 
rate  nearly  constant  along  the  x  coordinate,  the  change  in 
burning  rate  is  also  insignificant. 

The  comparison  of  experimental  data  with  erosive 
correlations  for  propellants  I,  II,  and  III  are  shown  in  Figs. 


11-13,  respectively.  Most  of  the  data  points  are  very  close  to 
the  45  deg  line  on  these  plots.  The  results  of  Figs.  11-13  in¬ 
dicate  that  the  correlation  given  in  the  form  of  Eq.  (7)  is 
suitable  to  represent  the  erosive  burning  rate  data  obtained 
for  the  three  types  of  composite  propellants  studied.  Such 
correlations  can  be  used  conveniently  in  the  design  con¬ 
siderations  of  a  solid  propellant  rocket  motor.  The  form  of 
the  correlations  may  serve  as  a  guide  for  other  types  of 
composite  propellants  for  which  similar  correlations  can  be 
developed. 

V.  Summary  and  Conclusions 

An  experimental  apparatus  for  measuring  the  erosive 
burning  rates  of  solid  propellants  under  wide  ranges  of 
pressures  and  freestream  velocities  was  designed  and 
fabricated.  The  erosive  burning  behavior  of  three  types  of 
composite  solid  propellants  was  studied  by  burning  test 
propellant  slabs  in  turbulent  boundary  layers  formed  by  the 
flow  of  hot  combustion  gases  over  the  propellant  samples. 
The  burning  rates  at  various  pressures  and  freestream 
velocities  were  measured  by  a  high-speed  motion  picture 
technique  in  which  the  burning  propellant  surface  was 
photographed  during  test  firing.  The  following  observations 
and  conclusions  can  be  made  from  the  present  study: 

1)  The  predicted  results  show  that  propellants  with  lower 
strand  burning  rates  are  more  sensitive  to  erosive  burning 
than  those  with  higher  strand  burning  rates. 

2)  The  erosive  burning  effect  becomes  more  pronounced 
when  the  oxidizer  particle  size  of  a  composite  propellant  is 
increased. 

3)  The  erosive  burning  rate  correlates  well  with  chamber 
pressure  and  freestream  velocity.  Correlations  were  developed 
from  the  measured  burning  rate  data.  Correlations  of  this 
type  can  be  used  in  design  considerations  of  a  solid-propellant 
rocket  motor. 

4)  The  experimental  data  are  in  close  agreement  with 
predicted  results  obtained  from  the  erosive  burning  modrl 
(based  on  the  turbulent  boundary  layer  approach)  developed 
by  the  authors. 
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An  axisymmecric  turbulent  boundary  layer  vas 
analyzed  in  order  to  investigate  erosive  burning  in 
composite  solid-propellant  rocket  motors.  It  vas 
found  chat  there  is  a  strong  interaction  between 
the  core-flow  acceleration  and  turbulence  level  in 
the  boundary  layer.  The  increase  of  turbulence  near 
the  surface  of  the  propellant  plays  an  important 
role  in  the  erosive-burning  mechanism.  Reducing  the 
port  diameter  makes  a  rocket  motor  more  sensitive  to 
erosive  burning.  When  the  port  diameter  is  uniform, 
the  erosive-burning  rate  increases  toward  the  aft 
end  of  a  rocket  motor.  This  trend  is  less  pronoimced 
or  even  reversed  when  the  port  diameter  is  divergent. 
Experimental  measurements  show  that  propellants  at 
lower  initial  temperatures,  and  propellants  with 
lower  normal  burning  rates,  are  more  sensitive  to 
erosive  burning. 

I-  Introduction 

Interest  in  nozzleless  and  other  high-perform¬ 
ance  rocket  motors  with  low  port-to-throat  area 
ratios  has  stimulated  the  need  for  a  better  under¬ 
standing  of  the  erosive-burning  characteristics  of 
solid  propellants.  Crossflow  gas  velocity  within 
these  rocket  motors  can  reach  sonic  and  even  super¬ 
sonic  speeds  over  some  portions  of  the  propellant 
surfaces,  leading  to  high  augmentation  of  the  burn¬ 
ing  rate  of  a  solid  proDellant.  This  augmentation, 
caused  by  the  crossflow  of  gases,  is  referred  to  a« 
the  erosive-burning  phenomenon. 

Because  previous  studies  on  erosive  burning 
have  been  reviewed  by  Kuo  and  Razdan,  and  King, 
and  a  summary  and  classification  of  various  erosive- 
burning  theories  has  been  presented  by  Razdan  and 
Kuo, no  literature  review  is  given  in  this  paper. 

A  theoretical  model,  in  which  a  chemically  reacting 
two-dimensional  turbulent  boundary  layer  was 
analyzed  to  predict  erosive-burning  rates  of  com¬ 
posite  solid  propellants,  was  recently  developed  by 
the  authors.  Predicted  results  showed  a  close 
agreement  with  data  obtained  from  the  experimental 
study  conducted  by  the  authors.4  In  the  present 
work,  the  turbulent-flow  analysis  of  the  erosive- 
burning  problem  is  performed  for  the  axisymmetric 
flow  of  gases  inside  a  cylindrical  propellant  grain. 
The  analysis  is  limited  to  the  combustion  of  common¬ 
ly  used  ammonium  pe-chlorate  (AP)  composite  prjpel- 
lants  burning  in  the  turbulent  boundary  layer  region 
of  a  rocket  motor.  It  should  be  noted  that  the 
region  of  turbulent  flow  usually  encompasses  the 
major  length  of  a  rocket  motor. 


The  objectives  of  t!  a  present  study  are:  1)  to 
formulate  a  theoretical  model  for  the  erosive- 
burning  problem  of  composite  solid  propellants  by 
analyzing  the  flow  in  a  cylindrical  rocket  motor: 

2)  to  solve  the  theoretical  model  and  to  perform  a 
parametric  study  of  the  effects  of  gas  dynamic 
operating  conditions  on  erosive  burning;  3)  to 
conduct  erosive-burning  tests  on  AP-based  composite 
solid  propellants;  and  4)  to  correlate  erosive- 
burning  rate  data  in  terms  of  flow  variables. 


A.  Description  of  Physical  Model 

The  physical  model  considered  in  the  theoreti¬ 
cal  analysis  consists  of  an  axisymmetric  flow  of 
gases  Inside  a  cylindrical  solid  propellant  grain, 
as  shown  in  Fig.  1.  The  gases  form  a  turbulent 
boundary  layer  over  the  burning  surface  of  the 
propellant.  The  analysis  considers  both  developing 
and  fully-developed  regions  of  the  flow  which  is 
assumed  to  be  quasisteady  and  turbulent.  The 
coordinate  system  used  in  the  analysis  is  depicted 
in  Fig.  1. 

B.  Conservation  Equations 

In  the  viscous  flow  region  of  the  boundary 
layer,  Reynolds'  decomposition  and  time  averaging 
procedure  is  used  to  develop  conservation  equations. 
A  second-order  two-equation  K-e  turbulence  model5 
is  used  to  achieve  the  closure  of  the  turbulent 
flow  problem.  Major  assumptions  made  in  the  analy¬ 
sis  are:  1)  averaged  flow  properties  are  steady; 

2)  mean  flow  is  axisymmetric;  3)  there  is  no 
reaction-generated  turbulence;  4)  the  Lewis  number 
is  unity;  and  5)  Pick's  law  of  diffusion  is  valid. 
Conservation  equations  of  mass,  momentum,  species, 
enthalpy,  turbulence  kinetic  energy,  turbulence  dis¬ 
sipation,  and  the  equation  of  state  are: 
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Turbulent  viscosity  ut  is  expressed  in  terms  of 
C  and  £  as 
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Various  correlations  have  been  modeled  and  replaced 
in  Eqs.  (2)  -  (5).  These  models  were  discussed  by 
the  authors  in  Ref.  3. 


In  the  potential  flow  region  of  the  developing 
flow,  the  following  equations  are  considered  for 
momentum  and  energy: 


U 
c  I 


_ 

dx 


(9) 
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The  reaction  is  assumed  to  be  diffusion- 
controlled,  and  the  reaction  rate  expression  is 
based  on  the  eddy-breakup  model  of  Spalding. 

This  expression,  as  discussed  by  the  authors, 3  can 
be  written  as 

•r  .  ^|37F| 

o>„  »  -  C  o  /K  (14) 

?  <u  1  3r  1 


The  main  restriction  in  using  Kq.  (14)  is  its 
applicability  to  a  turbulent  flow  situation,  which 
is  the  case  in  the  present  problem.  With  the 
assumption  of  Eq.  (13),  tj\e  species  conservation 
equations  are  solved  for  Yp  and  Ygp  = 

(Y  -(v  W  /v_W_)Y_).  The  introduction  of  the  latter 
o  o  o  r  r  r 

variable  eliminates  the  nonlinear  source  term  in 
the  equation  for  YQp. 

C.  Boundary  Conditions 


At  the  solid-gas  interface,  mass  and  energy 
balances  lead  to  the  following  boundary  conditions: 

3Y 

(p7Vr-R  -  VbYOS  +  «*^>r-R  *  0  <l5> 

3Y 

(p7Vr-R  -  psrbYFS  +  ^ir>r«R  “  0  (16) 


_ 

r:^  r.-  w  wvW'17' 


where  Q  ,  in  Eq.  (17),  is  defined  (following  Levine 
and  Cullck®)  as  the  net  surface  heat  release  (nega¬ 
tive  for  exothermic  reactions)  at  a  reference 
temperature  TpS.  The  net  heat  flux  to  the  solid 
propellant  is  obtained  by  integrating  the  heat 
conduction  equation  in  the  solid  phase. 


T 

c 


Ttc(1 


Mc> 


(10) 


(W 


psCsrb 


(18) 


Equation  (10)  is  a  consequence  of  lsentropic  assump¬ 
tion.  The  centerline  velocity  Uc  is  calculated  from 
Eq.  (9),  and  the  axial  pressure  gradient  is  calcu¬ 
lated  from  the  overall  momentum  balance,  using  the 
following  equations: 

‘  f^w  +  £  <pbAUb»/A  (11> 

A  (PbV)  ’  2TtR°srb  (12) 

Equation  (12)  is  obtained  from  the  overall  mass 
balance  inside  a  rocket  motor.  The  pressure  gradi¬ 
ent  expressed  by  Eq.  (11)  includes  the  affects  of 
change  in  the  flow  area,  and  the  change  in  bulk 
density  along  x  direction. 

For  chemical  reactions  in  the  gas  phase,  the 
following  single-step  forward  reaction  is  assumed: 

v  F  +  v  0-v  P  (13) 

r  op 


The  burning  rate  of  the  solid  propellant  is 
expressed  as  a  function  of  surface  temperature 
through  the  use  of  the  Arrhenius  Law  of  surface 
pyrolysis: 

r  -  A  exp  (-  5-f2-)  fl9) 

u  ps 

For  K  and  £  equations,  Eqs.  (5)  -  (6),  the 
following  boundary  conditions^  are  applied: 


*r  3r 

y 


(20) 


(21) 


These  boundary  conditions  are  applied  near  the 
propellant  surface,  rather  than  directly  at  the 
surface,  to  avoid  the  low  turbulence-Reynolds- 
number  region  in  which  the  application  of  K  and  £ 
equations  is  inappropriate  (see  Ref.  3).  Turbu¬ 
lence  viscosity  u  close  to  the  wall  is  calculated 


2 


from  van  Driest 's  formula  as  modified  by  Cebeci  and 
Chang^  to  include  the  effect  of  surface  roughness: 


where  V  3  1-exp  [- 


(yw+  Ayw}  T 


Ayw  '  -  K  e*P<X/6)I  <24) 


K  S*U*VW 


Other  boundary  conditions  at  the  propellant 
surface  (r*R)  are 


u  -  0,  T  -  Tpg,  v  -  P3rb/p(x,R) 


and  at  the  edge  of  the  boundary  layer  (yB0)  are 


u  -  Uc,  T  -  Tc,  Yf  -  Yo  -  0,  §  -  |f  -  0  (27) 


Numerical  Method 


The  coordinate  transformation  and  numerical 
scheme  proposed  by  Patankar  and  Spalding30  was  used 
in  this  study.  Solutions  of  the  differential  equa¬ 
tions  were  obtained  by  numerically  integrating  the 
equations  along  the  transverse  direction,  while 
marching  forward  along  the  x  direction  (see  Ref.  11 
for  details).  About  half  of  the  100  cross-stream 
intervals  employed  were  distributed  within  10%  of 
the  boundary-layer  thickness,  where  the  dependable 
variables  change  rapidly.  Because  of  strong  inter¬ 
action  between  the  potential  core  and  the  viscous 
boundary  layer  caused  by  the  axial  pressure  gradi¬ 
ent,  a  small  forward  step  was  taken  along  the  x 
direction,  typically  about  0.2  times  the  boundary 
layer  thickness.  The  size  of  this  step  was  reduced 
during  the  forward  marching  computation  if  changes 
in  Uc  and  Tc  calculations  from  Eqs.  (9)  -  (10) 
exceeded  specified  limits.  Iterations  of  the  bound¬ 
ary-layer  solutions  were  performed  to  obtain  con¬ 
vergence  on  the  surface  temperature.  The  maximum 
allowable  error  in  the  convergence  of  the  surface 
temperature  was  set  at  0.01  percent. 


III.  Theoretical  Results 


Physical  Properties  Used  in  Calculations 


Theoretical  solutions  were  obtained  for  a 
composite  propellant  composed  of  75%  Ammonium 
Perchlorate  and  25%  PBAA/EPON  by  weight.  Various 
physical  properties  used  in  the  calculations,  and 
the  references  from  which  some  of  the  properties 
were  taken,  are  listed  in  Table  1.  The  procedure 
followed  in  obtaining  some  of  the  parameters  assoc¬ 
iated  with  the  global  single-step  forward  reaction 
has  been  discussed  in  detail  in  Ref.  3.  Values  of 
the  constants  used  in  the  turbulence  modeling  are 
given  in  Table  2,  and  sources  of  the  constants  are 
given  in  Ref.  3. 


Computations  were  started  at  a  preselected 
downstream  x  location,  and  the  starting  profiles 
for  velocity  and  turbulent  kinetic  energy  and 


dissipation  were  obtained  by  using  the  same  equa¬ 
tions  used  by  Chambers  and  Wilcox. 33  The  initial 
centerline  velocity  was  varied  for  the  parametric 
study. 


Table  1.  Properties  Used  in  Theoretical  Calculations 


0.245  cm/s/ (MPa) “ 
26  (Ref.  13) 

0.3  kcal/kg-K 


55.9  kcal/kg 


-1137.3  kcal/kg 
0.41 


0.9  (Ref.  15) 


30  kg/kmole 
20.4  kg/kmole 


Cpjj/Pr  kcal/m-s-K 


1  kmole 


v  »  5.9  kmole 
P 


5.65  m/s 
0.3  kcal/kg-K 
15  kcal/mole 


-942  kcal/kg 


Y/ (1.77T-0.45) 
Svehla’s  eq1.4 


-250  kcal/kg 


27.9  kg/kmole 


1.26 

8.7xl0-8^  T°-65 


(Ref.  13) 
3.23  kmole 
1600  kg/m3 


Table  2.  Constants  Used  in  Turbulence  Modeling 


Constants 


1.0  1.3  1.57  2.0  0.18  0.09 


Results  and  Discussion 


Figure  2  shows  the  calculated  distributions  of 
velocity  (nondimensionalized  with  initial  centerline 
velocity)  at  various  dlstance-to-diameter  ratios, 
x/D.  Velocity  gradient  Increases  with  the  down¬ 
stream  distance,  since  the  flow  Inside  the  rocket 
motor  is  accelerating  because  of  a  strong  favorable 
pressure  gradient.  At  x/D  »  30,  the  flow  is  within 
the  fully-developed  region.  The  kinetic  energy  and 
Reynolds'  stress  profiles  at  the  corresponding  x/D 
stations  are  shown  in  Fig.  3.  Since  the  velocity 
gradient  increases  with  distance  x,  a  corresponding 
increase  occurs  in  both  Kand  u'v' with  increasing  x. 
Figure  3  also  shows  that  the  distance  between  the 
peak  turbulent  kinetic  energy  and  the  propellant 
surface  decreases  as  the  flow  accelerates  in  the 
downstream  direction.  This  was  also  observed  in 
the  simulative  study  of  erosive  burning  made  by 
Yamada  et  al.36  Thus,  with  Increasing  distance  x, 
more  turbulence  activity  occurs  closer  to  Che  pro¬ 
pellant  surface,  enhancing  the  diffusion  processes 
and  the  reaction  rate,  Eq.  (14),  near  the  surface. 


The  increased  reaction  rate  effect  is  evident 
from  the  results  plotted  in  FJ.g.  4,  which  shows  the 


calculated  distribution  of  fuel  and  oxidizer  mass 
fractions,  and  the  rate  of  heat  generation  in  the 
gas  phase  near  the  propellant  surface.  With  the 
increase  in  x/D,  the  peak  value  of  the  heat  genera¬ 
tion  rate  increases  in  magnitude  and  Its  location 
becomes  closer  to  the  propellant  surface.  This 
indicates  a  strong  Interaction  between  turbulence 
and  the  gas-phase  reaction  rate.  Due  to  the  higher 
reaction  rate  at  x/D  »  30,  as  compared  to  that  at 
x/D  *  15  in  Fig.  4,  the  mass  fractions  of  both  fuel 
and  oxidizer  species  decrease  faster  in  the  direc¬ 
tion  away  from  the  propellant  surface.  The  tempera¬ 
ture  gradient  steepens  as  a  consequence  of  the  in¬ 
crease  in  the  reaction  rate;  this  can  be  seen  from 
the  calculated  temperature  distributions  plotted 
near  the  propellant  surface  in  Fig.  5  at  various 
x/D  values.  Higher  temperature  gradient  with 
increasing  x/D  means  higher  gas-to-solid  heat  flux, 
and,  therefore,  increased  burning  rate  as  x/D 
increases. 

The  erosive-burning  augmentation  factor,  r.  /r. 
is  plotted  as  a  function  of  x  for  different  port  ° 
diameters  of  a  rocket  motor  in  Fig.  6.  It  is  seen 
that  rt,/rbo  increases  as  x  increases.  Figure  6  also 
shows  the  variation  of  pressure  and  centerline  velo¬ 
city  with  distance  x.  With  a  favorable  pressure 
gradient,  the  pressure  decreases  while  the  center- 
line  velocity  increases.  The  results  given  in  Fig. 

6  also  indicate  that  decreasing  the  port  diameter 
causes  rb/rb(J  to  increase.  However,  because  this 
increase  is  caused  by  the  changes  in  both  port 
diameter  and  x  location  (centerline  velocity) ,  in 
order  to  emphasize  the  port  diameter  effect,  results 
of  rb/rfc0  are  plotted  in  Fig.  7  as  a  function  of 
port  diameter  for  a  nunber  of  fixed  centerline 
velocities.  In  this  way,  the  effect  of  x-variation 
of  Uc  on  rb/rt,0  is  eliminated,  and  the  port  diameter 
effect  is  isolated.  The  results  again  show  that 
decrease  in  port  diameter  makes  a  rocket  motor  more 
sensitive  to  erosive  burning.  This  conclusion  is 
in  agreement  with  the  study  conducted  by  Beddini.l? 

The  effect  of  nonuniform  diameter  along  x  on 
the  erosive-burning  augmentation  factor  is  shown  in 
Fig.  8.  The  results  have  been  plotted  for  tana  = 

0,  0.01,  and  0.01S,  where  a  is  the  divergence  angle 
of  the  rocket  motor  grain  (see  Fig.  1).  As  is  well- 
known,  the  erosive-burning  effect  is  usually  strong 
in  the  initial  burning  phase  of  a  rocket  motor  when 
(he  diameter  is  nearly  uniform.  This  corresponds 
to  tan  0  in  Fig.  8  (D  being  constant  along  x); 
rb/rbQ  increases  significantly  as  the  flow  accelerates 
in  the  x  direction.  However,  when  tan  a  >  0,  r^/ru 
behavior  changes  significantly  along  s,  as  depicted0 
in  Fig.  8.  With  tana  =  0.01,  there  is  less  acceler¬ 
ation  and,  therefore,  the  erosive-burning  effect  re¬ 
mains  more  or  less  constant  as  x  increases.  With 
tan  a  =  0.015,  rb/ib,,  is  seen  to  decrease  as  x  in¬ 
creases;  this  is  due  to  the  effects  of  the  thickening 
boundary  layer.  In  sha  -p  contrast  to  the  effect  of 
acceleration,  the  effect  of  thickening  boundary  layer 
is  to  reduce  r^/r^.  Therefore,  depending  upon  the 
grain  geometry,  the  erosive-burning  effect  could 
either  increase  or  decrease  in  the  axial  direction 
toward  the  aft  end  of  a  rocket  motor. 

Figure  9  shows  the  effect  of  propellant  surface 
roughness  on  the  erosive-burning  augmentation  factor. 
Increasing  the  height  of  the  roughness  increases  the 
augmentation  factor.  This  is  consistent  with  the 
experimental  study  conducted  by  the  authors,4  which 
showed  a  larger  erosive-burning  effect  on  a  compo¬ 
site  propellant  with  larger  AP  particle  size  and, 
therefore  larger  surface  roughness. 


IV.  Experimental  Study 

A.  Burning-Rate  Measuring  Technique 

Although  this  paper  deals  with  the  analysis  of 
the  erosive  burning  of  a  cylindrical  propellant  grain, 
it  is  important  to  note  the  difficulty  in  measuring 
erosive  burning  rates  in  cylindrical  propellant  grains 
directly.  Most  of  the  literature  available  on  erosive 
burning  of  cylindrical  grains  is  based  upon  indirect 
data  reduction  procedures  of  measured  pressure-time 
traces. 

The  purpose  of  the  present  erosive-burning  ex¬ 
periments,  which  were  conducted  on  flat  AP- based 
composite  propellant  test  samples,  was  to  compare 
the  erosive-burning  predictions  of  a  two-dimensional 
theoretical  model3  with  the  experimental  data  obtained 
with  propellants  burning  under  two-dimensional  flow 
situations.  The  details  of  the  results  obtained  for 
a  nunber  of  propellants  can  be  found  in  Ref.  4.  In 
this  paper,  experimental  results  obtain  with  a  dif¬ 
ferent  composite  propellant  are  reported. 

Experiments  were  conducted  in  a  test  rig  con¬ 
sisting  of  a  driving  motor  and  a  test  chambe-.  A 
star-shaped  solid  propellant  grain  was  used  to 
generate  hot  combustion  gases  which  flow  through  a 
nozzle  into  the  test  chamber.  The  test  chamber 
contains  a  stainless  steel  leading  edge  element 
to  which  a  two-dimensional  test  propellant  slab  was 
glued.  The  test  propellant  was  ignited  by  the  hot 
combustion  gases  which  formed  a  turbulent  boundary 
layer  over  the  burning  surface  of  the  propellant. 

The  burning  rate  of  the  propellant  was  measured  by 
a  high-speed  motion  picture  method.  Using  high¬ 
speed  motion  pictures  ('\-1500  frames/sec)  taken 
during  a  test  firing,  the  burning  process  of  a  test 
propellant  was  observed  through  a  plexiglass  window. 
The  film  was  analyzed,  frame  by  frame,  on  a  motion 
analyzer  to  calculate  the  distance  burned  in  u 
known  time  interval.  A  regression  analysis  of  the 
readings  taken  from  the  motion  analyzer  was  made 
to  evaluate  the  burning  rate.  Detailed  description 
of  the  experimental  setup,  lnstrumentalton,  and 
data  reduction  procedure  can  be  found  in  Ref.  4. 

B.  Experimental  Results 

Erosive-burning  tests  were  conducted  with  a 
propellant  designated  by  (IV),  which  has  a  composi¬ 
tion  of  72%  AP,  26%  HTPB,  and  2%  Fe203  by  weight, 
with  an  average  AP  particle  size  ofZ20  pm.  This 
propellant  is  the  same  as  that  used  by  King!® 
(propellant  formulation  designated  by  King  as  4869). 
Propellant  (IV)  has  a  pre-exponent  in  the  strand¬ 
burning-rate  law  equal  to  0.725  cm/s/(MPa)n,  a 
pressure  exponent  equal  to  0.385,  a  flame  tempera¬ 
ture  equal  to  1667K,  and  a  propellant  density  equal 
to  1519.5  kg/m3. 

Figure  10  shows  the  measured  total  burning 
rate  plotted  against  freestream  velocity  at  differ¬ 
ent  pressures.  Two  sets  of  data  are  shown  in  Fig. 

10,  corresponding  to  tests  conducted  at  two  initial 
propellant  temperatures,  Tpi  »  7.8*C  and  14.4'C. 

The  tests  made  under  a  low  initial  propellant  temp¬ 
erature  were  conducted  in  cold  weather  conditions 
by  allowing  the  test  apparatus  and  the  propellant 
sample  t.>  reach  a  thermal  equilibrium  with  the 
surrounding  atmosphere.  Sufficient  time  (>  4  hours) 
was  allowed  for  thermal  equilibrium  to'  be  reached. 
Figure  10  shows  that  the  erosive  effect  is  stronger 
in  the  case  of  the  low  Tpl  propellant.  It  should 
be  noted  that  the  data  obtained  in  the  two  cases  is 
not  at  the  same  pressure.  The  two  sets  of  data 
differ  in  pressure  by  about  2  MPa,  which  corresponds 
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Co  about  a  142  difference  In  rj,0.  However,  total 
burning  races  for  the  two  secs  of  data  under  ero¬ 
sive-burning  conditions  (at  U^,  •  350  m/s)  differ  by 
about  262.  Thus,  the  additional  erosive-burning 
contribution  can  be  considered  to  be  the  result  of 
lowering  Tp^. 

The  effect  of  normal  burning  rate  on  the  ero¬ 
sive-burning  augmentation  factor  is  shown  in  Fig. 

11  for  two  similar  propellants  differing  only  in  rt,  . 
Propellant  (I)  (AP/HTPB/73/27,20  umAP)  has  a  lower 
normal  burning  rate  of  0.687  cm/s  at  a  pressure  of 
4.25  MPa,  while  propellant  (XV)  has  a  higher  normal 
burning  rate  equal  to  1.265  cm/s  at  Che  same  pres¬ 
sure.  The  propellant  (I)  with  lower  r(,0  is  more 
sensitive  to  erosive-burning.  Other  researchers^-2-^ 
have  reported  similar  findings. 

Using  the  measured  experimental  data,  correla¬ 
tion  between  the  erosive-burning  augmentation  factor, 
freescream  velocity,  and  pressure  was  developed.  A 
nonlinear  regression  analysis  of  the  data  was  used 
to  obtain  the  correlation  coefficients.  Comparison 
of  the  experimental  data  with  erosive-burning  cor¬ 
relation  is  shown  in  Fig.  lx.  Most  of  Che  data  are 
close  to  the  45°  line.  Values  of  the  correlation 
coefficients  are  given  in  Fig.  12.  Although  a  term 
for  threshold  velocity  Uth  is  Included  in  the  cor¬ 
relation  for  generalization,  no  significant  thresh¬ 
old  velocity  was  observed  in  the  present  tests.  It 
should  also  be  noted  that  due  to  limited  data  as  a 
function  of  Tp*,  a  suitable  correlation  could  not 
be  found  to  Include  the  Tp*  effect.  The  correlation 
represented  in  Fig.  12  is  for  Tpj  «  14.4°C.  It  is 
hoped  chat  in  the  near  future  data  will  be  obtained 
at  a  number  of  different  initial  temperatures,  and 
that  the  Tpi  effect  can  chen  be  included  in  the 
erosive-burning  correlation. 

V.  Summary  and  Conclusions 

1.  The  problem  of  erosive  burning  of  composite 
solid  propellants  was  modeled  by  considering  an 
axisymmetric  turbulent  boundary  layer  inside  a 
rochet  motor.  The  theoretical  model  was  solved 
numerically,  and  a  parametric  study  for  the 
effecc  of  a  number  of  important  variables  was 
conducted. 

2.  The  erosive-burning  augmentation  factor  in¬ 
creases  with  the  increase  in  axial  distance 
when  the  port  diameter  of  the  rocket  motor  is 
uniform  (representing  an  initial  time  period 
immediately  following  the  ignition  in  a  rocket 
motor).  For  a  nonuniform  (diverging)  port 
diameter,  the  augmentation  factor  increases  at 
a  lesser  rate,  and  even  decreases  with  increas¬ 
ing  x  if  divergence  is  large. 

3.  Rocket  motors  with  a  smaller  port  diameter  are 
more  sensitive  to  erosive  burning  than  those 
with  larger  diameters. 

4.  Surface  roughness  increases  the  erosive-burning 
effect  of  a  composite  solid  propellant. 

5.  Mechanism  of  erosive  burning  is  believed  to  be 
caused  by  increased  turbulence  activity  near  the 
propellant  surface  as  rim  axial  velocity  outside 
the  boundary  layer  is  increased.  The  increased 
turbulence  activity  Increases  both  the  diffusion 
process  and  the  reaction  rate  with  gas  phase 
near  the  propellant  surface. 


6.  Experimental  measurements  show  a  propellant  with 
a  lower  initial  temperature  is  more  sensitive 
to  erosive  burning.  Propellants  with  a  lower 
normal  burning  rate  are  also  more  sensitive  to 
erosive  burning. 
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Nomenclature 

a  Pre-exponent  in  strand-burning-rate 

law,  (cm/s)/(MPa)n 

A  Cross-section  flow  area 

As  Arrhenius  frequency  factor  in  propel¬ 

lant  surface  decomposition,  m/s 

A+  Damping  constant  in  van  Drlest's 

hypothesis 

Cr*C, ,C  , C  Constants  in  turbulence  models 
1  4*  p’  oi 

C  =  T.  Y  Cp,  ,  average  heat  capacity  of 

p  k  trK 

reacting  gases,  Kcal/Kg-K 

Cp  Heat  capacity  of  kth  species,  Kcal/ 

*  Kg-K 

C  Heat  capacity  of  solid  propellant, 

3  Kcal/Kg-K 

d  Average  diameter  of  Ammonium  Perchlorate 

**  Particles,  m 

D  Port  diameter  of  rocket  motor 

D  Diffusion  coefficient  in  Fick's  law, 

m-/s 

0  Damping  coefficient  defined  in  Eq.  (23) 

Eas  Activation  energy  in  propellant  sur¬ 

face  decomposition,  Kcal/mole 

Aht  .  Heat  of  formation  of  kctl  species,  Kcal/ 

Kg 

T 

h.  5  AhJ  .  +  /  C  dT,  static  enthalpy  of 

kth  species,  Kcal/Kg 

H  =  £  Y^h^  +  u^Uj/2  ,  stagnation  enthalpy 

of  gases,  Kcal/Kg 

k  Von  Herman's  constant 

K  u|u|/2.  Turbulent  kinetic  energy, 

m2/s2 


5 


V'  / 


Nomenclature  (Con't) 


Gas  velocity  in  y-direction,  m/s 


Constant  in  erosive-burning  rate  correla-  w 

tion,  (HPa)_nP(m/s)”nu 

Mach  number 

W 

Exponent  in  strand-burning-rate  law  K 

x 

Pressure  exponent  in  erosive  burning-rate 
correlation  y 

Velocity  exponent  in  erosive-burning-rate  y 

correlation  u 

2 

Pressure,  N/m  V. 

k 

E  CpU/X,  Prandtl  number  based  upon  molecu-  y 

lar  properties  of  fluid  FS 

Prandtl  number  for  turbulent  flow  y _ 

_  OS 

E  ——  Z  v.W  Ah°  .(!).,  Rate  of  heat  gener- 
VFWF  k  k  k  *  *  3  (  ) 

ation  in  gas  phase,  Kcal/m  -s 

(  ) 

Coordinate  in  radial  direction 

(  ) 

Total  burning  rate  of  a  solid  propellant, 
m/s 

Strand  burning  rate  of  a  solid  propellant, 
m/s  a 


Port  radius  of  rocket  motor 

Roughness  height,  m 

Universal  gas  constant,  N-m/Kmole-K 

E  u/pD,  Schmidt  number  based  upon  molecu¬ 
lar  properties  of  fluid 

Schmidt  number  for  turbulent  flow 

Temperature,  K 

Initial  centerline  temperature,  K 
Reference  temperature,  298.14  K 
Propellant  temperature,  K 
Propellant  initial  temperature,  K 
Propellant  surface  temperature,  K 


(-H-) 

'Pr^eff 


=  (£  Y.  /W  )  ,  average  molecular  weight 

k  fc  k 

of  gases,  Kg/Kmole 

Molecular  weight  of  kth  species,  Kg/Kmole 

Coordinate  in  axial  direction,  m 

Coordinate  normal  to  propellant  surface,  m 

E  R-y,  coordinate  with  its  origin  on 
propellant  surface,  m 

Mass  fraction  of  kt*1  species 

Mass  fraction  of  fuel  in  a  composite  solid 
propellant 

Mass  fraction  of  oxidizer  in  a  composite 
solid  propellant 

Time  averaged  quantity 

Fluctuating  quantity 

Partial  differentiation  of  quantity  in 
(  )  with  respect  to  x^,  (  )/m 

Greek  Symbols 


Angle  of  divergence  of  port  radius 

Boundary  layer  thickness,  m 

Epu'  u'  ,/(>,  Turbulent  dissipation, 
-  ,  l*J 


Ratio  of  constant-pressure  and  constant- 
volume  specific  heats 

Thermal  conductivity  of  gas,  Kcal/a-s-K 

Thermal  conductivity  of  solid  propellant, 
Kcal/m-s-K 

Gas  viscosity,  Kg/m-s 

E  u  +  ut.  Effective  viscosity,  Kg/m-s 

Turbulent  viscosity  defined  in  Eq.  (8), 
Kg/m-s 

.  u  .  pt  _  . 

=  p7  +  7T  *  kg/m-s 


Initial  stagnation  temperature,  K 


Reference  surface  temperature  of  propel¬ 
lant,  K 

Gas  velocity  in  x-directlon,  m/s 

Axial  velocity  outside  boundary  layer, 
m/s 

Initial  centerline  velocity,  m/s 
Threshold  velocity,  m/s 


(JfcL) 

'Sc^eff 


S?  +  •  K8/o_S 

Number  of  Kmoles  of  kth  species 

3 

Gas  density,  Kg/m 

3 

Solid  propellant  density.  Kg/m 

_  2 
i  ye£f3u/3y.  Local  shear  stress,  N/m 

Rate  of  Production  of  species  k  due  to 
chemical  reactions,  Kg/m^-s 


=  y'T^nr  ,  Friction  velocity,  a/s 


6 


t  - 


Subscripts 


b  Bulk  or  averaged  variable 

c  Centerline  condition 

k  Species  index  representing  fuel  gas  [F], 

oxidizer  gas  [01,  and  product  gas  [F] 

»  Freestream  condition 

w  Wall  (propellant  surface)  condition 
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Dimensionless  Veloci 


-Burning  Surface  of  a  Cylindrerical 
Solid-Propellant  Grain 


Fig.  1  Physical  Model  Considered  in  the 
Theoretical  Formulation. 


Fig.  2  Calculated  Velocity  Distributions  in  the 
Boundary  Layer  at  Various  Axial  Locations 


Fig.  3  Calculated  Distributions  of  Turbulent 

Kinetic  Energy  and  Reynolds  Stress  in  the 
Boundary  Layer  at  Various  Axial  Locations 
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Fig.  6  Calculated  Variations  of  Pressure,  Centerline 
Velocity,  and  Erosive  Burning  Augmentation 
Factor  Along  Axial  Direction  for  Different 
Port  Diameters  of  Rocket  Motors 


Port  Diameter  of  Rocket  Motor,  D,  cm 

Fig.  7  Effect  of  Port  Diameter  on  Erosive  Burning 
Augmentation  Factor  at  Different  Centerline 
Velocities 
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Calculated  Erosive  Burning  Augmentation  Factor 
Showing  the  Effect  of  Propellant-Surface  Rough¬ 
ness 
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HTPB  26% 
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Fig.  10  Measured  Burning  Rates  at  Various  Pressures  and 
Freestream  Velocities  for  Two  Different  Initial 
Temperatures  of  the  Propellant  (IV) . 
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Fig.  11  Effect  of  Normal  Burning  Rate  on  the 
Erosive  Burning  Augmentation  Factor 
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Fig.  12  Experimental  Data  for  Erosive  Burning  Augmen¬ 
tation  Factor  Correlated  with  Pressure  and 
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11 


i 


'<  * 


-4 

I 

*| 


i 


APPENDIX  F 


Technical  Paper  on  Erosive  Burning  | 

Modeling  Generated  at  ARAP  j 

3 


I 

* 


i 

i 

V. 

1 


AIAA  78-977R 


Aerothermochemical  Analysis  of  Erosive 
Burning  in  a  Laboratory  Solid-Rocket  Motor 

R.  A.  Beddini 


Ptprirtid  from 

IIIS  lAIHHIQl  Volume  18,  Number  11.  November  i960.  Page  1346 

Hyyi  Copyright  American  Institute  of  Aeronautics  and  Astronautics,  !nc„  1976.  All  rights 


AMERICAN  INSTITUTE  Of  AERONAUTICS  AND  ASTRONAUTICS  *1290  AVENUE  OF  THE  AMERICAS  »NEW  YORK.  NEW  YORK.  N.Y.  10104 


1346 


A1AA  JOURNAL 


VOL.  18,  NO.  If 
ARTICLE  NO.  78-977R 


Aerothermochemical  Analysis  of  Erosive  Burning  in  a 
Laboratory  Solid-Rocket  Motor 

Robert  A.  Beddini* 

Aeronautical  Research  Associates  of  Princeton,  Inc.,  Princeton,  N.J. 

An  analysis  of  steady-state  combustion  and  flow  phenomena  in  a  two-dimensional,  laboratory-type  solid- 
propellant  motor  is  presented  with  emphasis  on  the  condition  of  erosive  burning.  The  problem  Is  treated  as  a 
confined,  reacting  turbulent  shear-flow  using  a  second-order  turbulence  closure  model.  Low  Reynolds  number 
and  propellant  surface  roughness  effects  are  accounted  for.  Comparison  of  calculated  results  with  cold  flow 
experimental  data  confirms  that  development  of  the  mean  velocity  prt  file  Is  initially  well  described  by  laminar, 
“inviscid”  theory.  However,  due  to  the  rapid  development  of  turbulence  within  the  simulated  grain-port, 
transition  to  a  turbulent  velocity  profile  is  predicted  to  occur  at  center  port  Reynolds  numbers  greater  than  those 
obtained  in  the  considered  experiments.  Transition  of  the  velocity  profile  is  theoretically  found  to  occur  prior  to 
the  onset  of  erosive  burning  in  real  motor  environments.  Comparisons  of  calculated  results  with  measured  static 
pressure  distributions  have  betn  made  for  a  composite-propellant  "slab”  motor.  Good  agreement  with  static 
pressure  data  is  obtained  for  propellant  roughness  heights  which  are  approximately  10%  of  the  larger  AP  crystal 
diameters,  with  surface  roughness  significantly  affecting  erosive  burning.  Theoretical  comparison  with  the 
Lenoir-Robillard  model  also  indicates  that  the  present  model  predicts  a  much  more  rapid  decrease  in  erosive 
burning  as  the  port  hydraulic  radius  is  Increased. 


Nomenclature 

A  =  Arrhenius  pre-exponential  coefficient 

a.b  =  turbulence  modeling  parameters  (3.25, 0.125) 

Bt  =  effective  reaction  rate  coefficient 

cp  =  specific  heat  at  constant  pressure 

c,  =  specific  heat  of  propellant 

D  =  overall  diffusion  coefficient 

=  metric  tensor,  dx,/dxm 
h  =  specific  sensible  enthalpy,  cp  T 
h°a  =  heat  of  formation  at  0  K 
H  =  total  enthalpy,  H=h  +  u'u,/2 

k  =  thermal  conductivity 

k ,  =  equivalent  sand  roughness  height 

L  °t  =  heat  of  decomposition  at  0  K 

m,  =  surface  mass  flux 

n  =  normal  burning  rate  pressure  exponent 

n ,  =  surface  normal  vector 

p  =  static  pressure 

p*  =reference pressure,  6.9 x  107  dyne/cm2  (1000 psi) 
q  =rms  intensity,  («'  *»',)  ** 

r  =  regression  (burning)  rate,  m,/pr 

r„  =  normal  (nonerosive)  regression  rate 

R  =  gas  constant  per  unit  mole 

Rec  =  Reynolds  number,  pcuc8/pr 

Re,  =  Reynolds  number,  p,v,8/ii, 

t  =time 

T  =  static  temperature 

Ta  -  activation  temperature  (energy//? ) 

T,  =  interior  propellant  temperature 

u  =  velocity  vector  (u.u.w) 

wa  =  molecular  weight  of  species  a 

Xj  =  coordinate  vector  ( x,y,z ) 

Presented  as  Paper  78-977  at  the  AIAA/SAE  14th  Joint  Propulsion 
Conference,  July  25-27,  1978;  submitted  Aug.  25,  1978;  revision 
received  Jan.  16,  1980.  Copyright  ©  American  Institute  of 
Aeronautics  and  Astronautics,  Inc.,  1978.  All  rights  reserved. 

Index  categories:  Solid  and  Hybrid  Rocket  Engines;  Reactive 
Flows;  Boundary  Layers  and  Convective  Heat  Transfer— Turbulent. 

'Consultant,  currently,  Senior  Research  Scientist,  Princeton 
Combustion  Research  Laboratories,  Inc.,  Princeton,  N.J.  Member 
AIAA. 


Ya  =  mass  fraction 

0  =  temperature  exponent  of  reaction  pre-exponential 

coefficient 

8  =  half-height  of  port 

Aht  =  heat  of  reaction  per  unit  mass 

A  =  turbulent  macrolength  scale 

p  =  viscosity 

u>  =  specific  reaction  source  term 

p  =  density 

4>  =  concentration  (pressure)  exponent  in  reaction  rate 

Superscripts 

O  =  time  average  of  variable 
(  )'  =  turbulent  fluctuating  value  of  variable 

Subscripts 

c  =  centerline 

e  =  reaction  end  state 

g  =  gas  phase 

h  =  condition  at  port  head  end 

s  =  condition  at  surface 

a  =  index  for  chemical  species 

x  =  denotes  propellant  solid  phase 

( , )  =  differentiation 

*  =  reaction  initial  state 


Introduction 

CONTEMPORARY  solid-propellant  rocket  motors  often 
utilize  a  central  port— the  "grain  port”— through  which 
the  combustion  gases  flow.  An  assumption  which  is  almost 
universally  used  in  analyses  of  motor  performance  is  that  the 
flow  properties  within  the.  grain  port  may  be  represented  by 
their  bulk  averages  over  a  cross  section.  This  assumption  is 
practical  and  adequate  providing  closure  relationships  are 
available  .  for  describing  inherently  multidimensional 
processes  occurring  near  the  port  surface  (e.g.,  combustion 
and  viscous  friction).  The  closure  process  becomes  more 
formidable  when  propellant  combustion  locally  interacts  with 
the  fluid  dynamics.  One  such  interaction  effect,  which  can 
lead  to  a  substantial  increase  in  the  mean  propellant  burning 
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rate  under  high  port  velocity  conditions,  is  termed  erosive 
burning. 

Reviews  of  erosive  burning  theoretical  treatments  and 
experimental  investigations  may  be  found  in  Williams  et  al„ ! 
Kuo  and  Razdan,2  and^n  the  analysis  of  Mukunda,3  King,4 
Beddini,5  and  Razdan  and  Kuo.6  These  analyses  all  assume 
that  the  flow  within  the  grain  port  of  a  solid-rocket  motor  is 
of  classical  boundary-layer  type.  Specifically,  velocity  profile 
solutions  for  a  turl^ilent  boundary  layer  are  developed  (with 
various  levels  of  analytic  and  empirical  approximation) 
subject  to  matching  to  a  uniform  “core”  flow  which  is 
assumed  to  exist  within  the  central  region  of  the  port.  The 
gradient  of  the  velocity  profile  enters  into  the  specification  of 
turbulent  diffusivity  in  the  propellant  flame  zone,  which  in 
turn  governs  the  magnitude  and  scaling  of  erosive  burning. 

To  experimentally  simulate  the  flowfield  in  the  grain  port 
of  actual  rocket  motors,  Dunlap  et  al.7  and  Yamada  et  al .  * 
have  investigated  the  flow  in  a  porous  tube  and  channel, 
respectively,  with  transpiration  througn  the  side  wall.  The 
Reynolds  numbers  (based  on  transpiration  velocity  and 
characteristic  diameter)  of  these  experiments  were  within  the 
range  associated  with  typical  rocket  motors.  Based  on  the 
experimental  results,  both  of  these  investigations  concluded 
that  the  mean  velocity  profiles  in  actual  rocket  motors 
corresponded  with  self-similar  solutions  to  the  laminar 
Navier-Stokes  equations  in  the  inviscid  limit.  No  evidence  of  a 
uniform  core  flow  region  was  found,  since  the  mean  velocity 
profiles  were  similar  in  some  respects  to  those  in  laminar  pipe 
or  channel  flow.  In  addition,  appreciable  levels  of  turbulence 
were  found,  and  Yamada  et  al.  showed  that  the  turbulence 
intensity  profile  behaved  in  a  substantially  different  manner 
from  typical  turbulent  channel  flow.  These  experimental 
investigations  have  therefore  posed  some  serious  questions 
concerning  the  nature  of  the  flowfield  in  actual  motors,  and 
for  the  assumptions  used  in  erosive  burning  analyses.  The 
mean  flow  behavior  has  also  been  shown  by  Culick9  to  affect 
the  aeroacoustics  of  the  solid  rocket  motor. 

The  principal  objective  of  the  present  investigation  is  to 
analyze  the  flowfield  in  the  solid-rockct  motor  and  its  effects 
on  erosive  burning.  It  will  be  shown  that  the  conflicting  cold 
flow  experimental  results  and  prior  analytical  assumptions 
concerning  the  turbulent  velocity  profile  can  be  substantially 
reconciled.  In  addition,  the  effects  of  propellant  surface 
roughness  and  motor  size  on  erosive  burning  will  also  be 
investigated.  The  problem  is  approached  by  extending  the 
reacting  turbulent  boundary-layer  analysis  developed  in  Ref. 
5.  This  approach  utilizes  a  semiempirical,  second-order 
closure  description  of  turbulence  and  is  sufficiently  com¬ 
prehensive  to  account  for  several  aerothermochemical 
features  of  interest.  The  general  model  developed  herein  will 
be  refer-,  a  to  as  the  solid-propellant  erosive  combustion 
(SPEC)  model  in  the  text. 


Table  1  Major  assumptions 

1)  Single-step,  homogeneous,  and  stoichiometric  gas  phase 
reaction. 

2)  Specific  heats  of  species  are  equal  and  independent  of  tem¬ 
perature. 

3)  k/cp -pD=n(  7 1  (Prandtl  and  Lewis  numbers  of  unity). 

4)  Surface  decomposition  of  a  homogeneous  propellant  is 
governed  by  Arrhenius  kinetics. 

5)  Turbulent  correlations  involving  the  temporal  pressure 
derivative  and  nongradient  mechanical  heat  production  terms 
in  the  energy  equation  [Eq.  (13)  of  Ref.  5]  are  negligible  (i.e., 
nonhypersonic  flow). 

6)  The  flow  is  quasisteady  {S/Bt =0),  and  two-dimensional 
(B/Bz= 0=  w)  in  the  plane  of  Fig.  1.  The  port  half-height  8  is 
taken  to  be  constant. 

7)  The  flow  is  of  thin  shear-layer  type,  viz.,  B/By>B/9x  with 
Bp /By = 0,  and  is  symmetric  about  y = 6  in  the  mean. 


Analysis 

The  analysis  closely  follows  that  of  Ref.  5,  with  the  ex¬ 
ception  that  boundary  conditions  appropriate  for  flow  in  a 
two-dimensional  (i.e.,  planar)  grain  port  and  a  surface 
roughness  model  will  be  implemented.  The  two-dimensional 
geometry  (Fig.  1)  approximates  the  configurations  ex¬ 
perimentally  investigated  by  Yamada  et  al.  for  cold  flow 
simulations,  and  by  Stokes  et  al. 10  for  erosive  burning.  The 
port  half-height  6  (distance  from  surface  to  centerline)  will  be 
assumed  constant  in  the  present  investigation. 

Enthalpy  and  Mass  Fraction  Similarity 

Major  assumptions  are  summarized  in  Table  1.  Upon 
invoking  assumptions  1-3,  and  as  a  consequence  of  assump¬ 
tion  5,  it  has  been  shown5  that  the  general  unsteady  gas  phase 
equations  for  species  mass  fraction  (Y0,  «=  1.../V)  and  total 
(sensible  plus  kinetic)  enthalpy  H  may  be  reduced  to  a  single 
equation  for  a  variable/,  i.e., 

(/•/).,+  (purf),t=gtm 

where 

/=  ( ±hg )  (H-Ht  +  Ah, )  =  ( Y„  -  Ya.  )/(Ym-  Ya, ) 

Mt='LlYa.-Yat)K 


and  u  is  the  normalized  chemical  production  term.  In  the 
above  equations,  A ht  is  the  heat  of  reaction  per  unit  mass, 
and  the  subscripts  •  and  e  refer  to  conditions  at  the  initial  and 
end  (equilibrium)  states  of  reaction,  respectively.  The 
parameter  appearing  in  the  earlier  analysis  has  here  been 
absorbed  into  the  definition  of  w.  It  may  be  noted  that  the 
reaction  is  not  required  to  be  completed  within  the  considered 
flow  region,  as  might  occur  for  an  extremely  small  “motor” 
or  a  very  slow  reaction. 

For  complete  similarity  to  exit,  the  boundary  conditions  for 
mass  fractions  and  enthalpy  must  be  identical  when  expressed 
in  terms  of  the  variable/.  If  the  motor  head  end  is  assumed 
nonreactive  and  adiabatic,  then  equilibrium  exists  so  that/=  1 
there.  Assumption  7  precludes  the  influence  of  an  arbitrary 
downstream  boundary  condition  on/.  Hence,  th«-  behavior  of 
thermodynamic  variables  (excluding  pressure)  within  the  port 
will  be  affected  primarily  by  boundary  conditions  at  the 
propellant  surface.  The  surface  boundary  conditions  for  Ya 
and  H  can  be  written  for  a  port  of  rather  general  cross- 
sectional  shape  as5 

/,  =  («,)  I, 

where  m,  is  the  surface  mass  transfer  and  n>  is  the  con- 
travariant  unit  surface  normal  vector.  As  the  unsteady  dif¬ 
ferential  equation  and  boundary  conditions  involve /alone, 
similarity  is  obtained  between  both  mean  and  unsteady 
(turbulent)  parts  of  Ya  and  His  the  gas  phase. 


Fig.  1  Schematic  representation  of  grain  port  velocity  and  tnr- 
bnlence  intensity  development. 
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The  instantaneous  reaction  source  term  appearing  in  the/ 
equation  may  be  written  as 

««*, 7*«exp( -  TAt/D  [PlHMtH)  ] * 

An  effort  has  been  made  to  improve  the  turbulent  combustion 
modeling  used  in  Ref.  5  (i.e.,  modeling  the  time  average,  ui, 
and  correlations  involving  u>').  Specifically,  a  second-order 
Taylor  expansion  of  w  has  been  used  to  provide  <5  in  terms  of 
t  and  V  2 ,  and  <o'  in  terms  of  T’ .  The  resulting  correlations 
are  determined  in  the  final  equation  system  without  the  ad¬ 
ditional  empiricism  often  associated  with  turbulent  com¬ 
bustion  models.  The  proposed  model  is  therefore  similar  to 
models  developed  by  Borghi11  and  others.  An  analytically 
based  combustion  model  is  favored  for  this  problem  since 
temperature  fluctuations  in  the  combustion  region  are  ex¬ 
pected  to  be  relatively  small.  In  preliminary  calculations, 
however,  the  proposed  combustion  model  proved  to  be  un¬ 
stable.  The  instability  is  believed  due  to  the  strict  numerical 
coupling  required  by  the  solid-propellant  problem.  Con¬ 
sequently,  the  results  to  be  presented  assume  <S=o>(  T)  and  do 
not  indicate  the  possibly  important  effects  of  turbulence  on 
reaction  rate.f 

Final  Equations 

With  Ya  expressed  in  terms  of  H=h  +  u'u/2  and  h=cpT, 
use  of  the  second-order  turbulence  modeling  procedure  of 
Sullivan13  provides  differential  equations  which,  after  time 
averaging  and  in  boundary-layer  form,  are  identical  to  those 
used  in  Ref.  5.  The  empirical  turbulence  modeling  par  meters 
(listed  in  the  Appendix)  are  also  identical  to  the  values  used  in 
Ref.  5  and  in  the  evaluation  of  Sullivan's  procedure  by 
Rubesin  et  al.14  Overall,  the  complete  system  consists  of  the 
equations  of  state  and  continuity,  and  parabolic  differential 
equations  for  u.h.u'u',  u'v',v'v',w'w',p'u',p'v',h'u', 
h' o', and h 'h' .  The  second-order  correlation  equations  are 
quite  lengthy  and  are  not  listed  here.  They  correspond  with 
the  correlation  equations  of  Sullivan,  but  with  the  terms 
A hgx'w'  (where  x'  represents  u\  v',  2 h')  appearing  on  the 
right-handsidesoftheA'i/',  A'u'.and/TA'  equations.  The 
mean  equations  for  conservation  of  mass,  momentum,  en¬ 
thalpy,  and  the  equation  of  state  are 

(pu)J!+(i>v+p7v')fy-0  (1) 


puu_x  +  {pv + p '  V ')ufy+{  PU '  v ' )  J  =  -  ptX  +  ( fiu_y )  (2) 


puh +  ( p v + p '  v ' )  h_ y  +  ( ph '  v  ’ )  y  =  upiX  +  A  «, , ) 2 

+  h  {a+b‘>'y)]  +  {fll'-y)y+Ak'u  (3) 


tA  reviewer  has  justifyably  questioned  the  realism  of  results  ob¬ 
tained  without  accounting  for  the  effects  of  turbulence  on  reaction 
rate  (combustion-turbulence  interaction).  Further  research  on  this 
topic  has  been  performed  since  the  original  manuscript  was  submitted, 
and  will  be  presented  in  detail  in  a  subsequent  paper.  Insofar  as  the 
present  results  are  concerned,  it  has  been  found  that  combustion- 
turbulence  interaction  can  affect  the  mean  reaction  rate  and  turbulent 
diffusivity  profiles.  However,  the  collective  effects  on  the  mean 
temperature  profile  and  on  erosive  burning  are,  surprisingly,  quite 
small.  These  results  qualitatively  agree  with  the  recent  findings  of 
Borghi  and  Dutoya, 14  who  used  an  empirically  specified  PDF  to 
model  interaction  effects  for  an  entirely  gas  phase  problem . 


P=Rpt[  E Gji-rr/p )-  £c;r7f 

**  a  a 

-  EL<Gl^)/L<5a  1  (4) 

a  0  1  a  J 

where  Ga  =  Ya/Wa,  a  and  b  are  turbulence  modeling 
parameters,  and  A  is  the  turbulent  macrolength  scale. 

Initial  and  Boundary  Conditions 

The  parabolic  form  of  the  differential  equations  requires 
initial  conditions  for  the  dependent  variables  to  be  established 
downstream  of  the  head  end.  Experimental  and  analytical 
results7-8  suggest  that  an  assumed  initial  station  of  jr0 ~ 56  is 
more  than  adequately  far  downstream  to  satisfy  the  thin 
shear-layer  assumption.  The  head-end  pressure  ph  is 
specified,  and  the  mean  static  pressure  at  x0  is  obtained  from 
inviscid  theory.  The  analytical  velocity  profile* 


is  used  at  x0  for  both  cold  flow  and  erosive  burning 
calculations.  Velocity-scaled  experimental  profiles  of  tur¬ 
bulence  intensity  are  used  to  satisfy  initial  conditions  for  the 
Reynolds  stress  variables,  ujuj.  For  reacting  flows,  the  mean 
temperature  profile  is  obtained  from  numerical  solution  of 
the  energy  equation  for  normal  deflagration,  and  all  thermal 
correlations  are  assumed  null  at  x0.  Some  sensitivity  to  the 
initial  conditions  is  obtained  in  the  downstream  calculations 
for  particular  configurations.  This  sensitivity  is  discussed  in 
the  next  section. 

Boundary  conditions  at  the  propellant  surface  (y=0)  are: 
u—0,  pv=msmfpT,  with  all  correlations  assumed  null.  A 
linear  pyrolysis  relation, 

ms=ATTe*txp(-  TAt/T) 
is  used  in  conjunction  with  the  interface  condition 


ms  =  lL0+h-c,T,]-'k- 

to  determine  ms  and  Ts.  For  cold  flow  calculations,  the 
parameter  vs  is  specified. 

The  geometric  symmetry  of  the  problem  is  utilized  at  y=5. 
The  condition  of  symmetry  implies  that  there  must  be  no 
mean  fluxes  (convective,  diffusive,  or  turbulent)  through 
y=S.Henct,aty=6: v=u'v’  =h'v'  =p'v'  =0,  with  the 
normal  gradients  of  all  other  dependent  variables  being  null. 


Pressure  Gradient 

As  opposed  to  unconfined  llows,  wherein  the  pressure  p 
and  pressure  gradient,  dp/dx,  are  imposed  on  the  boundary 
layer,  the  pressure  gradient  for  confined  boundary-layer  flows 
evolves  as  part  of  the  solution.  The  value  of  dp/dx  must  be 
consistent  with  the  condition  of  conservation  of  mass  (vc  =  0) 
in  the  port.  Utilizing  this  condition  and  the  condition 
dp/dy=0,  the  momentum  equation  (2)  may  be  integrated  to 
yield 


dp  _  - 1  r  du 
dr'Tr^ 


The  first  term  within  the  brackets  represents  the  decrease  in 
static  pressure  due  to  surface  shear,  and  the  second  term 
contains  the  effects  of  mass  addition  and  change  of 
momentum  profile  shape  on  static  pressure.  The  latter  effect 
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is  excluded  from  typical  one-dimensional  grain  port  flow 
calculations. 

Surface  Roughness  Model 

In  Ref.  15,  a  preliminary  model  for  small  surface  roughness 
has  been  developed  which  is  compatible  with  the  second-order 
closure  technique  and  allows  direct  integration  to  the  mean 
surface.  The  model  is  based  on  the  concept  of  Rotta  (in  Ref. 
16)  that  the  turbulent  macrolength  scale  at  the  surface,  AJ( 
tends  to  a  nonzero  value  which  is  characteristic  of  the  physical 
roughness  height.  It  has  been  shown  in  Ref.  15  that  the  em¬ 
pirical  relation  As=ks/6.5  (where  ks  is  the  equivalent  sand 
roughness  height)  satisfactorily  correlates  flat-plate  ex¬ 
perimental  data  for  buffer  and  logarithmic  region  velocity 
profiles,  and  for  surface  friction.  For  “fully  rough”  sur¬ 
faces  16  the  model  becomes  invalid,  but  this  condition  was  not 
exceeded  in  the  present  calculations. 

It  will  be  shown  that  the  calculations  for  erosive  burning  are 
quite  sensitive  to  the  value  of  surface  roughness  assumed. 
However,  there  are  difficulties  in  implementing  this — or  any 
roughness  model— for  propellant  surfaces.  One  problem  is 
that  the  standard  measure  of  surface  roughness  (equivalent 
sand  roughness)  is  difficult  to  estimate  for  “typical” 
propellant  surfaces  undergoing  combustion.  Another  aspect 
to  consider  is  that  the  actual  peak-to-valley  roughness  height 
can  depend  upon  pressure.  Caveny17  indicates  that  for 
composite  propellants,  for  example,  the  roughness  height  may 
scale  as  a  function  of  the  absolute  difference  between  oxidizer 
and  average  propellant  burning  rate,  and  hence  would  change 
from  head  to  nozzle  end  along  the  grain.  In  the  present  work, 
these  additional  complexities  are  neglected  by  utilizing 
constant  values  of  ks  equal  to  estimated  peak-to-valley 
propellant  roughness  heights. 

Results  and  Discussion 

Grain  Port  Cold  Flow  Simulations 

The  cold  flow  simulations  of  Dunlap  and  Yamada  hrve 
shown  that,  based  on  values  of  surface  transpiration  Reynolds 
number  (Resmpsvs&/fis)  which  are  typical  of  real  motors 
(order  103),  the  mean  longitudinal  velocity  profile  in  the  port 
corresponds  with  self-similar  solutions  for  inviscid,  laminar 
flow.  Yet,  both  experiments  have  also  indicated  that  tur¬ 
bulence  intensity  profiles  increase  in  magnitude,  and  that  the 
height  of  maximum  intensity  moves  closer  to  the  port  surface 
with  increasing  distance  from  the  head  end.  This  nonsimilar 
behavior  of  turbulence  and  velocity  provides  a  critical  test  of 
grain  port  hydrodynamic  modeling. 

Mean  Velocity  Profiles 

A  comparison  of  present  (SPEC)  model  predictions  with 
the  velocity  profile  data  of  Yamada  is  shown  in  Fig.  2  for 
x=25  cm.  The  agreement  between  prediction,  experimental 
data,  and  the  inviscid  theoretical  description  given  by  Eq.  (5) 
is  quite  good.  Similar  agreement  is  also  obtained  at  the  x=  15, 
20,  and  29  cm  experimental  stations  (not  shown).  If  allowance 
is  made  at  the  initial  station  for  the  fact  that  the  calculations 
assume  vs  =  1 .2  m/s,  whereas  vs  changes  somewhat  along  the 
experimental  surface  (its  bulk  average  is  1.2  m/s),  then  good 
agreement  is  also  obtained  with  the  unnormalized  velocity 
profiles  shown  in  Fig.  2  of  Ref.  8.  Agreement  between 
calculations  and  inviscid  theory  is  expected  when  both  viscous 
and  Reynolds  stresses  are  negligible  in  Eq.  (2).  In  this  case  Eq. 
(5)  is  an  approximate  solution  for  incompressible  flow. 

In  a  computational  experiment,  it  is  a  simple  matter  to 
"lengthen”  the  port.  This  has  been  done  to  investigate 
whether  the  inviscid  profile  persists  at  higher  center  port 
Reynolds  numbers,  Recmpciicb/fic,  than  those  obtained  in 
the  29  cm  length  channel  of  Yamada,  et  al.  Contrary  to  the 
conclusions  of  Yamada  et  al.,  the  present  model  predicts  (Fig. 
2)  a  transition  from  a  laminar  to  a  turbulent  velocity  profile, 


Fig.  2  Velocity  profiles  in  cold  flow  simulation  of  two-dimensional 
grain  port. 


y,  cm  y,  cm 

Fig.  3  Development  of  turbulence  in  cold  flow  simulation. 


beginning  3t  about  50  cm.  The  profiles  continue  to  develop  in 
steepness  of  surface  gradient,  such  that  by  x=200  (Mach 
number  *0.6),  the  velocity  profile  is  nearly  represented  by  a 
1/7  power  law.  The  mechanism  of  transition  will  be  discussed 
subsequently. 

Behavior  of  Turbulence  Intensity 

A  comparison  between  the  intensity  profile  data  of  Yamada 
et  al.  and  the  model  calculations  is  shown  in  Fig.  3  for  two 
values  of  t>,.  For  these  calculations  x0=  15  cm  has  been  chosen 
to  correspond  with  the  first  downstream  profile,  and  ks=65 
pm  is  assumed  to  characterize  the  surface  roughness. 
Qualitatively,  the  calculations  show  behavior  similar  to  data 
in  that  turbulence  increases  in  magnitude,  with  the  height  at 
which  maximum  intensity  occurs  (ym)  decreasing  as  x  in¬ 
creases.  Quantitatively,  however,  it  was  found  necessary  to 
multiply  the  intensity  data  (denoted  by  the  symbol  I)  by  a 
factor  of  3.0  at  the  initial  station  to  achieve  downstream 
growth  rates  in  calculated  turbulence  intensity  (q)  similar  to 
the  experimental  values  shown.  This  would  appear  to  imply  a 
quantitative  deficiency  in  the  modeling  of  turbulence 
development  for  the  specific  configuration.  However,  the 
calculated  maximum  mtusities  (here  denoted  by  qm )  ob¬ 
tained  from  Fig.  3  are  in  the  range  of  12-15^0  of  uc.  These 
values  are  consistent  with  the  relative  intensities  found  in  the 
Dunlap  investigation  and  also  in  Fig.  5  of  Ref.  8. 
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In  addition  to  the  sensitivity  of  the  calculations  to  the 
magnitude  of  the  turbulence  initial  conditions,  some  sen¬ 
sitivity  to  the  assumed  value  of  ks  is  also  observed.  This 
sensitivity  is  reflected  in  the  growth  rates  of  the  turbulent 
fluctuations,  and  in  the  initiation  of  the  mean  velocity  profile 
transition  process.  It  has  also  been  found  that  the 
laminarization  effect  of  the  large,  favorable  pressure  gradient 
exerts  a  strong  influence  on  turbulence  in  the  initial  region  of 
the  flow.  This  leads  to  the  question  of  how  initial  (pretur- 
bulent)  disturbances  are  generated  in  the  head-end  region  of 
the  port.  Possible  mechanisms  include  the  direct  generation  of 
vortical  disturbances  by  the  porous  surface  or  air  supply 
system,  and  the  presence  of  acoustic  disturbances  which  have 
propagated  upstream  in  the  flow.  Neither  of  these  effects  has 
been  included  in  the  present  analysis. 

Notwithstanding  the  laminarizing  effects  due  to  large 
favorable  pressure  gradients  (which  diminish  with  axial 
distance  in  the  port),  an  argument  is  now  presented  on  why 
transition  within  a  port  is  possible  and  often  probable. 
Consider  the  scaling  of  terms  in  the  momentum  equation  (2) 
for  incompressible  flow.  The  convective  and  pressure  gradient 
terms  may  be  scaled  to  within  multiplicative  constants  as7'8 

Dn  -d p/p 

"dT  dx  * 

As  an  approximation,  the  Reynolds  stress  term,  du'v'/dy, 
will  scale  as  I2m/ym(~q2mlym)-  Both  calculations  and  data 
indicate  that  in  most  cases,  I2m/ym  grows  faster  than  x.  For 
example,  if  the  data  correlations  of  Ref.  8  are  used, 
“cSexP^-1/“c)*  which  for  large  uc~x16.  Hence, 
given  a  port  of  sufficient  length,  transition  should  occur 
unless  a  sonic  condition  occurs  first.  Accurate  prediction  of 
the  transition  region  will  depend  on  the  adequacy  of  tur¬ 
bulence  modeling  and  knowledge  of  initial  conditions. 
Confirmation  of  the  transitional  behavior  of  the  velocity 
profile  may  be  found  in  the  porous  tube  measurements  of 
Olson.18  These  results  were,  however,  obtained  at  surface 
transpiration  Reynolds  numbers  lower  than  those  associated 
with  typical  solid-propellant  motors. 

Reacting  Flow  and  Erosive  Burning 

In  the  experiment  of  Stokes  et  al.,10  a  “slab”  motor  (ap¬ 
proximating  the  two-dimensional  conditions  of  Fig.  1)  was 
used  to  generate  appreciable  erosive  burning.  Assuming  that 
the  mean  flow  and  turbulence  can  attain  quasisteady  con¬ 
ditions  within  the  0.06  s  test  times,  and  neglecting  the  *  15% 
variation  of  5,  a  simulation  of  two-dimensional  flow  within 
the  port  can  be  obtained  with  the  SPEC  model.  Greater 
reservations  exist  concerning  simulation  of  the  composite 
propellants  used  in  Ref.  10  with  the  present  homogeneous 
combustion  model.  However,  the  explicit  appearance  of  a 


Table  2  Tberroochemical  parameters 


Tt= 2976  K  (adiabatic  flame  temperature) 
cp=  1.92x  10“ 3  J/kg-K 
Wa  =  IF,, =25.8  g/g-mole 
7V=2.0x104K 

B^l.SgxlO'V-^cm^-'s-'K-* 

*=1.10 

0f=O 

p=4.42x  10_<  T°wpoise 
7}=300K 

i.?=8.37xl0-JJ/kg 

pt=1.70g/cm3 

c,=  1.46xl0-3  J/kg-K 

B,=0 

At=2.J0x  106g/cm2-s 
7^,=  1.0xl04K 
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combustion  model  does  not  occur  in  many  erosion  theories. 
Additionally,  it  has  been  well  established  that  a  key  parameter 
affecting  erosive  burning  is  the  normal  burning  rate  rn.  The 
SPEC  model  is  able  to  represent  aerochemically  (over  a 
limited  range  of  interest)  the  normal  burning  rate  piessure 
dependence  of  the  EBT  propellant  used  in  Ref.  10,  viz., 
r„  =0.92  (p/p')035  cm/s.  The  parameters  used  to  obtain  this 
correlation  are  listed  in  Table  2,  and  have  been  estimated 
from  Refs.  5  and  10. 

Erosive  Burning  and  Effect  of  Surface  Roughness 

Using  the  formulated  initial  and  boundary  conditions,  and 
the  physical  parameters  of  Table  2,  a  comparison  of  SPEC 
model  results  '">'th  the  experimental  data  of  Stokes  et  al.  is 
shown  in  Fig.  4.  Comparison  is  made  for  two  values  of  head- 
end  pressure  ph.  Both  the  data  and  the  one-dimensional, 
frictionless,  nonerosive  pressure  calculations  adapted  from 
Ref.  10  have  been  corrected  (by  *3%)  at  the  head  end  to 
correspond  with  the  tabulated  values,10  viz.,  ph  =79.5  and 
60.0x  107  dyne/cmJ  for  tests  EBT-3  and  EBT-4,  respectively. 
The  corresponding  values  of  6  (0.415,  0.404  cm)  used  in  the 
calculations  are  obtained  from  the  initial  value  plus  the 
distance  burned  measurements  at  the  bead  end.  Initial  con¬ 
ditions  are  speciwed  at  x0  *  96. 

Considering  the  lower  pressure  EBT-4  results  first,  in¬ 
creasing  the  surface  roughness  height  ks  produces  increased 
'in  and  hence  decreased  pressure  along  the  port.  For 
ks  =  u,  slight  erosion  is  obtained,  such  that  the  regression  ratio 
f/rn  is  only  1.07  at  x=50.  Prior  results5  of  the  SPEC  model 
for  smooth  surfaces  and  unconfined  boundary  layers  yielded 
underprediction  of  typical  data  by  factors  of  two  or  three  for 
lower  burning  rate  propellants.  Although  this  was  attributed 
to  the  assumed  combustion  mechanism  in  Ref.  5,  it  is  possible 
that  the  effects  of  surface  roughness  and  combustion  model 
are  of  equal  importance  for  the  quantitative  prediction  of 
erosion.  One  effect  of  surface  roughness  is  to  decrease  the 
viscous  sublayer  height,  thus  increasing  ambient  turbulence 
levels  in  the  flame  zone.  This  effect  can,  in  principle,  com¬ 
pensate  for  some  inadequacies  of  the  combustion  model  (e.g., 
a  lower  than  actual  flame  height).  However,  the  value  of  ks 
which  produces  the  best  agreement  with  the  EBT-4  data  is  46 


Distance  along  surface,  x  (cm) 

Fig.  4  Effect  of  surface  roughness  height  k,  on  port  static  pressure 
development  with  erosive  burning. 
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Mm.  This  value  is  approximately  10%  of  the  large  (400  pm) 
ammonium  perchlorate  crystal  size  used  in  the  EBT  for¬ 
mulation,  and  is  not  believed  inordinate.  Values  of  surface 
roughness  in  the  30-100  pm  range  (for  both  composite  and 
homogeneous  propellants)  have  been  used  in  the  erosive 
burning  analysis  of  Mukunda. 3 

Maintaining  all  other  conditions  constant,  the  head -end 
pressure  is  increased  from  the  EBT-4  to  the  EBT-3  test  value 
in  the  top  of  Fig.  4.  In  this  case  a  value  of  ks  =  39  pm  provides 
the  best  agreement  with  data,  a  slight  decrease  from  the  EBT- 


y,  cm 


Fig.  5  Profile  development  In  two-dimensional  grain  port:  a)  mean 
temperature;  b)  turbulent  heat  transfer  correlation;  c)  normalized 
mean  velocity;  d)  turbulent  shear  stress  correlation,  EBT-4  conditions, 
k,  =46  pm. 


4  results.  The  decrease  is  probably  within  the  range  of  ex¬ 
perimental  error,  although  the  possible  effect  of  pressure  on 
surface  roughness  noted  previously  in  the  paper  may  be 
present.  (The  burning  rates  of  EBT  and  pure  AP  are  more 
equivalent  at  this  pressure.) 

Profile  Development  in  Crain  Port 

Figure  5  shows  the  predicted  development  of  key  dependent 
variables  within  the  slab-motor  port.  Computational  con¬ 
ditions  correspond  to  the  EBT-4  run  in  Fig.  4  with  k}  =  46  pm. 
Elements  of  the  basic  interaction  mechanisms  between  mean 
and  turbulent  variables  have  been  discussed  in  Ref.  5. 
Qualitative  differences  between  the  present  and  prior  resu'ts 
will  be  discussed  herein. 

The  temperature  profile  at  x=  5  cm  in  Fig.  5a  is  identical  to 
the  normal  (strand)  burning  profile.  It  persists  (being  scaled  in 
height  by  change  in  pressure)  until  the  start  of  erosive  burning 
at  x=20.  By  jc=  35,  the  propellant  regression  ratio  r/r„  has 
reached  1.9,  which  is  reflected  by  the  change  in  temperature 
gradient  near  the  surface.  Considering  the  rapidly  changing 
pressure,  the  temperature  profile  at  x=50  (r/r„  *3.5)  reflects 
severe  diffusive  broadening  due  to  turbulence.  The  tem¬ 
perature  profile  in  the  main  portion  of  the  port  is  decreased 
somewhat  due  to  adiabatic  acceleration  (Mach  number =0.69 
at  x  =  50),  but  this  does  not  perceptibly  affect  the  flame  zone. 

The  turbulent  contribution  to  heat  flux  may  be  written  as 
ph '  v '  to  second  order .  Figure  5b  shows  that  h'v'  is  correlated 
with  flame  position  and  temperature  gradient.  This  suggests 
that  a  diffusive  approximation  of  turbulent  heat  flux  may  be 
valid  for  alternative  erosive  burning  analyses. 

Normalized  velocity  profiles  are  shown  in  Fig.  5c.  Utilizing 
Eq.  (5)  as  an  initial  condition  at  x0  =  3.5,  the  velocity  profile 
shows  signs  of  a  transitional  “bulge”  in  the  lower  portion  of 
the  boundary  layer  at  x=5.  By  x=35,  transition  has  been 
completed  and  erosion  is  severe.  In  this  and  other  calculations 
to  be  presented  for  this  propellant,  erosive  burning  con¬ 
sistently  occurs  subsequent  to  transition.  Apparently,  it  is  the 
large  increase  in  surface  velocity  gradient  which  enables  the 
production  of  sufficient  turbulence  (Fig.  5d)  to  enter  the 
flame  zone  (Fig.  5a). 

It  is  also  noted  that  the  calculations  shown  in  Fig.  5  are 
much  less  sensitive  to  the  initial  conditions  placed  on  the 
Reynolds  stresses  than  are  the  cold  flow  calculations 
previously  discussed.  The  precise  reason  for  this  has  not  been 
determined,  but  may  well  be  related  to  the  gas-phase  density 
change  induced  by  combustion. 

Effect  of  Port  Size  on  Erosive  Burning 

Mihlfeith19  has  observed  that  the  widely  used  Lenoir- 
Robillard  (L-R)  theory,20  as  well  as  some  other  theories,  are 
deficient  in  their  ability  to  scale  erosive  burning  as  a  function 
of  port  size.  Specifically,  it  was  noted  that  the  L-R  theory 
overpredicts  erosive  burning  in  full-scale  motors  when 
initially  correlated  with  subscale  data.  A  comparison  of  the 
present  theory  with  that  of  Lenoir  and  Robillard  is  therefore 
warranted,  with  particular  interest  in  the  geometric  scaling  of 
erosive  burning.  Stokes  et  al.  have  correlated  the  L-R  theory 
to  the  experimental  static  pressure  results  shown  in  Fig.  4.  In 
the  present  notation,  the  L-R  expression  for  regression  rate 
may  be  written  as 10 

Or  -K  +  «z  <Mc>  os  (■**)  -#iexp(  -0z  Wx/Mc) 

The  parameters  aL  =0.0245  and  fiL  =42  were  evaluated10 
using  a  least-squares  procedure.  Theoretical  comparisons 
have  been  made  by  utilizing  SPEC-calculated  values  of  pc  and 
uc  along  the  port. 

Results  of  the  comparison  are  shown  in  Fig,  6.  The 
regression  ratios  for  increasing  values  of  5  have  been  plotted 
as  a  function  of  centerline  mass  flux,  pcuc.  Considering  the 
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Fig.  6  Effect  of  port  size  on  erosive  burning  as  function  of  centerline 
mass  flux,  =  46  pm. 


5  =  0.404  case,  both  theories  show  similar  regression  ratios  at 
higher  values  of  mass  flux,  this  being  required  to  produce  the 
experimental  static  pressure  results  of  Fig.  4.  At  lower  values 
of  mass  flux,  the  L-R  theory  predicts  greater  erosion.  This  is 
partly  due  to  the  use  of  centerline  rather  than  bulk  average 
velocities  in  the  expression  for  rLR.  The  centerline  velocities 
become  within  20%  of  bulk  velocities  subsequent  to  tran¬ 
sition,  i.e.,  at  mass  velocities  where  the  SPEC  model  shows 
erosion. 

As  the  port  half-height  5  is  increased,  SPEC  calculations 
(denoted  by  solid  lines)  show  a  continuous  decrease  in 
regression  ratio  at  constant  mass  flux.  For  the  given  motor, 
most  of  the  decrease  in  regression  ratio  is  attributed  to  a 
translational  increase  in  threshold  mass  flux.  Although  theie 
is  a  slight  decrease  in  slope  for  large  5,  SPEC-calculated 
regression  ratios  appear  to  scale  with  the  shift  in  threshold 
mass  velocity.  By  comparing  the  L-R  and  SPEC  calculations 
for  5= 5  cm,  the  SPEC  model  is  shown  to  predict  less  erosion 
with  9  .ometric  scale-up.  Qualitatively,  this  behavior  in  the  L- 
R  model  is  largely  due  to  the  lack  of  threshold  velocity 
dependence  upon  scale.  Similar  results  are  obtained  for  other 
values  of  5. 

Conclusions 

The  major  conclusions  of  this  research  may  be  summarized 
as  follows. 

1)  The  SPEC  model  has  been  compared  with  experimental 
data  in  cold  flow  simulations  of  a  two-dimensional  grain  port. 
These  comparisons  show  good  agreement  with  laminar 
theoretical  description  for  mean  velocity  profile  in  the 
Reynolds  number  range  of  data. 

2)  At  higher  center  port  Reynolds  numbers,  transition  to  a 
turbulent  velocity  profile  is  predicted  to  occur.  This 
prediction  contradicts  the  conclusions  of  recent  experimental 
investigations,  i.e.,  the  inviscid  velocity  profile  does  not 
necessarily  persist  throughout  laboratory  or  full-scale  motors. 
The  plausibility  of  transitional  behavior  is  justified  with  an 
argument  based  on  the  development  of  turbulence  within  the 
port. 

3)  The  completion  of  transition  is  followed  by  the  start  of 
erosive  burning  in  theoretical  comparisons  with  laboratory 
motor  data.  The  intimate  connection  between  transition  and 
erosive  burning  warrants  further  experimental  investigation 
with  cold  flow  apparatus. 

4)  The  effects  of  surface  roughness  on  erosive  burning  are 
indicated  to  be  quite  important.  Although  possibly  com¬ 
pensating  for  some  inadequacies  in  combustion  modeling, 
realistic  values  of  roughness  have  provided  good  agreement 
with  experimental  static  pressure  data  under  severe  erosion 
conditions. 


5)  The  effect  of  geometric  scaling  on  erosive  burning  has 
been  theoretically  investigated  for  a  two-dimensional  motor. 
As  port  half-height  (hydraulic  radius)  is  increased,  the  SPEC 
model  is  shown  to  produce  less  erosion  than  the  Lenoir- 
Robillard  model  for  a  specific  mass  velocity.  This  observation 
qualitatively  agrees  with  recent  criticisms  concerning 
geometric  scaling  deficiencies  in  the  Lenoir-Robillard  model. 

Appendix:  Turbulence  Modeling  Parameters 

Listed  below  are  the  non-null  parameters  used  for  the 
second-order  closure  modeling  of  Sullivan. 13  Note  that  some 
of  the  parameters  appear  only  as  collective  products  in  the 
final  equations.  The  uppercase  notation  is  consistent  with  the 
computer  generated  format  of  the  equations. 

A  =  3.25 
B  =  0.125 
CLAMB  =  0.17 
DIN  =  0.65 
AHH  =  5.S5 
AHU  =  ARU  =  3.25 
BHH  =  0.225 
VUU  =  VUH  =  VHH  =  0. 1 
VRU  =  VRH  =  VRR=0.1 
PMU2  =  PMH2  =  PMR2  =  1 .0 
PTHM  =  PTUM  =  0.15 
PGH2  =  PGR2  =  0.8 
PGU  =  PGU2  =  1 .0 
WWU1  =  WWR1  =  WWH1  =  -0.1 
WWGU  =  -  0.5 
WWGR  =  WWGH  =-1.0 
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